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Abstract 

In this chapter we review the use of spins in optically-active InAs quan¬ 
tum dots as the key physical building block for consfrucfing a quanfum 
repeafer, wifh a parficular focus on recenf resulfs demonsfrafing enfangle- 
menf befween a quanfum memory (elecfron spin qubif) and a flying qubif 
(polarizafion- or frequency-encoded photonic qubif). This is a firsf step 
fowards demonsfrafing enfanglemenf befween disfanf quanfum memories 
(realized wifh quanfum dofs), which in furn is a milestone in fhe roadmap 
for building a funcfional quanfum repeafer. We also place fhis experimen- 
fal work in confexf by providing an overview of quanfum repeaters, fheir 
pofenfial uses, and fhe challenges in implemenfing fhem. 
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I Introduction 


Self-assembled InAs quantum dot^ can trap a single electron; when the 
quantum dot is in an external magnetic field, a trapped electron's spin states 
can be used to encode a quantum bit (qubit). Over the past decade, a series 
of studies H have shown that such a qubit can be optically initialized ||^ [^, 
controlled 1 ^ and measured |[8l [i^ [ii] . Measurements of the coherence 
time of such a qubit have shown that the time required to perform an arbi¬ 
trary single qubit operation 50 ps Q) on the qubit is roughly five orders 


of magnitude shorter than the spin echo T2 time 3 ps 1 12 1 ^). In light 


of this, electron spins in quantum dot^ are considered appealing candi¬ 
dates as quantum memories, and will be even more so if d3mamical decou¬ 
pling techniques 119 ^ can be used to further extend the coherence tim^ 
Long-distance quantum cr5rptography will likely require the development 
of quantum repeaters, as will other applications of remote entangled states. 
Charged quantum dots are an interesting candidate technology for build¬ 
ing quantum repeaters, because they provide both a stationary qubit (to be 
used as a memory), and a fast optical interfacej^ One of the very first steps 
towards building a quantum repeater using quantum dots is to show that 
one can generate a photonic qubit that is entangled with a spin (memory) 
qubit. 

In this chapter, we review how quantum dots may be used to ultimately 
build a quantum repeater, and describe recent experiments that have 


^This chapter focuses exclusively on optically-active self-assembled quantum dots, which can 
trap single charges (electrons or holes), as well as neutral and charged excitons, due to the differ¬ 
ence in the bandgap of the QD material versus that of the surrounding host material. References 
|i|0 provide detailed reviews of how these quantum dots are formed, how they provide a pho¬ 
tonic interface, and how they can store spin qubits. This chapter does not review any of the work 
in the electrostatically-defined quantum dot community, which generally combines bandgap 
discontinuities in one dimension with potentials formed by the application of a voltage over gate 
electrodes to trap charges in the other two dimensions (in these devices, either electrons or holes 
are trapped, but not both at the same time). We use the shorthand "quantum dots" in this chapter 
to refer exclusively to optically-active, self-assembled quantum dots. 

^Incidentally, holes can also be trapped in quantum dots, and the (pseudo-)spin of the hole 
can also be used as a qubit. Analogous demonstrations to those performed with electron spins 
have been done with hole spins, including: initialization complete control optical 

readout T| measurement fi6||i8l, and T2 (spin echo) measurement |(i6||. Hole spin qubits 

in InAs QDs nave an advantage over electron spin qubits in InAs QDs: they nave a much-reduced 
hyperfine interaction with the nuclear spin ensemble in the QD, and this results in hole spin 
qubits exhibiting non-hysteretic behaviour, whereas electron spin qubits suffer from a pronounced 
hysteresis (i6) . In other words, control of electron spin qubits in this material system depends on 
the history of previous operations performed on it, whereas control of hole spin qubits does not 
require knowledge of the history; this is a significant difference when long sequences of operations 
are to be used. 

3 The coherence time of the quantum memory plays an important role in both experiments 
demonstrating entanglement distribution, and in the design and implementation of quantum re¬ 
peaters. We briefly discuss the constraints imposed by the coherence time in Section ; 


^The requirements for building a useful quantum network with quantum repeaters are ex¬ 
ceptionally challenging, and no candidate technologies at present offer a clear path towards im¬ 
plementation of practical quantum repeaters. Quantum dots do however offer many of the basic 
features that are required to implement a repeater, and are good candidates for developing small- 
scale demonstrations of some of the key parts of a quantum network. 
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demonstrated the generation of entanglement between a single photon and 
a quantum dot. In particular, we review experiments that have generated 
and verified enfanglemenf between fhe polarizafion or frequency sfafe of a 
photon emiffed by a single quanfum dof, and fhe spin sfafe of fhe elecfron 
in fhaf quanfum dof We also review how tomography can be per- 


formed on a spin-phofon qubif pair, and describe fhe resulf in Ref. 
which showed fhaf quanfum dofs can produce spin-phofon enfanglemenf 
wifh fidelify in excess of 90%. We provide a summary of spin-phofon en¬ 
fanglemenf generafion resulfs in many differenf physical sysfems. We also 
address briefly some quesfions surrounding whaf work needs fo happen 
fo proceed from fhe present state of affairs fo a funcfioning quanfum-dof- 
based quanfum repeater. 


2 Quantum Repeaters 


Before we discuss how opfically-acfive quanfum dofs may be suifable build¬ 
ing blocks for consfrucfing a quanfum repeafer, we would like fo provide a 
general overview of quanfum repeafers. We affempf fo provide answers fo 
the following quesfions: 


• Whaf are quanfum repeafers, and why is fhere subsfanfial inferesf in 
building fhem? 

• Whaf are fhe fechnological requiremenfs for building useful quantum 
repeaters? 


2.1 Motivation for Quantum Repeaters 

The introduction or motivation sections of many quanfum dof papers begin 
wifh a brief menfion fhat opfically-acfive quanfum dofs will be useful for 
quantum information processing, or somefimes more specifically, fhaf fhey will 
be useful for building quanfum repeafers or quanfum computers. However, 
fhere is a fairly large discormecf befween fhe liferafure on fhe engineering 
of quanfum devices (such as quanfum dofs, buf also ofher sysfems) and fhe 
quanfum information fheory liferafure. Furfhermore, even fhe quanfum in- 
formafion liferafure rarely explicifly explains fhe relationships between the 
many different low-level protocols and proposals, and how various subsets 
of fhem may fif fogefher fo enable fhe consfrucfion of high-level quanfum 
technology (such as quantum computers or quantum cr5rptography). 

The main high-level motivation for research in quantum communication (also 
known as quantum networks) is fhe developmenf of practical long-disfance 
quanfum cryptography (which is also more precisely known as quantum key 
distribution). As we will explain, quanfum repeafers are central to quan¬ 
tum communication research. Quantum cryptography can be implemented 
in two different ways (non-entanglement-based and entanglement-based), 
only one of which involves quanfum networks and quanfum repeafers. 
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In this section we provide a description of the two main approaches to 
implementing long-distance quantum cryptography, with a focus on how 
quanfum nefworks and quanfum repeafers are relafed fo fhis goal. This con- 
necfion of quanfum repeafers fo quanfum crypfography is fhe main high- 
level mofivafion for building quanfum repeafers. However, we begin wifh a 
lower-level mofivafion (a physics-based, rafher fhan applicafion-based mofi¬ 
vafion) for quanfum repeafers, and provide a summary of several imporfanf 
protocols and proposals fhaf are relevanf fo fheir design. 


2.1.1 Physical Motivation for Quantum Repeaters 


A simple description of the purpose of quantum repeaters is that they en¬ 
able the generation and/or distribution of entangled qubit pairs over long 
distance^ without quantum repeaters, it may be impossible to generate 
entangled qubit pairs at high rates over distances much greater than several 
hundreds of kilometers|^ Throughout this chapter, we will use the term 
quantum memories to refer to stationary qubit^ at the network endpoints 
and in the quantum repeater stations, which is the standard nomenclature 
in the quantum repeater/communication/networking community. In this 
language, the goal of quantum repeaters is to enable the entanglement of 
quantum memories at sites that are spatially separated by large distances. A 
key part of entanglement distribution protocols (including schemes involv¬ 
ing quantum repeaters) is how photons (generically referred to as flying 
qubits, and more precisely as photonic qubits) can be used to mediate the 
entanglement of distant quantum memories; this is a major theme of this 
chapter. 


One of the fundamental intuitions behind the need for quantum repeaters 
in quantum communication is the same as the motivation for classical re¬ 
peaters in classical communication: photon loss in optical fibres (or in tree- 
space) reduces the power of the signal being transmitted and without 
regeneration of the signal, low-error-rate, high-bandwidth communication 
becomes impossible. Since it is impossible to clone a single quantum me¬ 
chanical state [2^ , quantum repeaters need to use a different method 
than classical repeaters to transmit quantum information from one node 
to the next. This is one of the essential goals of entanglement swapping in 
quantum repeaters. Entanglement swapping in a repeater network allows 
an entangled qubit pair to be generated at the endpoints of the network, by 
linking together qubits that are initially just entangled with those at neigh¬ 
boring nodes. With this resource in place, teleportation |28| can be used to 
transmit an arbitrary qubit from one end of the network to the other|^ 


5 The connection between long-distance entanglement distribution and quantum cryptography 
(which is arguably the main current driver behind the quest to build practical quantum repeaters) 
will be explained shortly. 

®This limit is under the assumption of entanglement distribution occurring using photon 
transmission in optical fibres. However, as we mention briefly later in this chapter, even for 
tree-space transmission in satellite-based schemes, at least one quantum repeater will seemingly 
be needed to distribute entanglement to the opposite side of the earth. 

^Typically implemented using matter, as opposed to light. We focus on the use of spin qubits 
stored in quantum dots as quantum memories. 

®We note this use of teleportation for the sake of completing the analogy with a classical 
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Repeaters in classical communication serve another important purpose be¬ 
sides just amplifying the transmitted signal: they perform error correcfion 
by recreating high-qualify represenfafions of bifs from low-qualify repre- 
senfafions, since disforfions caused by fransmission fhrough fhe optical fi¬ 
bre ulfimafely lead fo bif-discriminafion errors if leff unchecked p^ . This 
purpose of classical repealers suggesfs an equivalenf function for quanfum 
repealers in quanfum networks: quanfum repealers should correcf decoher¬ 
ence in fhe enfangled qubifs before fhe decoherence becomes so severe fhaf 
if is uncorrecfable. The analogy between the error correction task of classical 
repeaters and quantum repeaters is, however, imperfect, for the following 
reason. Classical repeaters, for which the primary source of errors that need 
correcting are those caused by distortions to the signals (electrical or pho¬ 
tonic) propagating between repeater sites, can be assumed to have perfect 
memories and completely error-free local operations on those memories. 
However, in a quantum network, quantum repeaters not only need to ame¬ 
liorate the channel-induced decoherence to the flying qubit^ but also the 
loss in fidelity of the final stationary entangled qubits (quantum memories), 
which occurs for a myriad of reasons that are unrelated to the charmel- 
induced decoherence of the photonic qubits. One of the dominant reasons 
is simply the natural decoherence of the physical stationary qubits, char¬ 
acterized by their T2 time. Furthermore, the local quantum operations in 
each repeater are imperfect, and will cause reductions in fidelity when they 
are applied. This chapter has a focus on the interface between the station¬ 
ary qubits and the flying qubits, and as we will see, the fundamental task 
of generating spin-photon entangled states occurs with remarkably low fi¬ 
delity in most physical systems. Quantum repeaters need to compensate for 
all these mechanisms that result in reduced fidelity of the entangled qubit 
pairs. 


One interesting approach to this problem is to use entanglement purification 
130 IJi) - this is a technique by which two lower-fidelity entangled qubit pairs 
can be combined (using only local operations) to produce one higher-fidelity 
entangled qubit pair. The initial proposals I32 [3^ for quantum repeaters 
analyzed this approach to combating errors. However, this is not the only 
possibility: a large body of work on error correction for quantum comput¬ 
ers has been developed, and much of this work is potentially relevant to 
quantum repeaters]^ Several contemporary quantum repeater proposals, 
such as Ref. | [3^ , explicitly call for quantum error correcting codes [3^ 
to be used as the mechanism for combating errors in quantum networks, 
instead of entanglement purification. Hybrid approaches, in which both 


repeater network, which is used to transmit classical bits from one end of the network to the 
other. Quantum key distribution, i.e., quantum cryptography, typically does not make use of 
teleportation. 

9 An example of channel-induced decoherence is that caused by imcontrolled birefringence in 
an optical fibre, when transmitting a polarization-encoded photonic qubit = a |H) + / 1 |V)): 
this leads to random qubit rotations (resulting in a loss of state fidelity), and polarization mode 
dispersion (which in turn results in the overlapping of different qubits' temporal wavepackets, 
and consequently a reduction in entanglement). 

^°Bermett et al. showed that entanglement purification is deeply connected to quantum 
error correction; in particular, they showed that entanglement purification with a classical com¬ 
munication channel is equivalent to quantum error correction, so it is not surprising that quantum 
repeater protocols can in principle make use of either entanglement purification or quantum error 
correction protocols to distribute high-fidelity states in the presence of noise. 
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quantum error correction and entanglement purification are used, have also 
been proposed | [^ . 

The cormections between the functionality of classical communication re¬ 
pealers and quanfum repealers are summarized in Table 


2.1.2 Quantum Key Distribution and Quantum Cryptography 


Over the past two decades, nearly all experimental work on implementing 
quantum cr5rptography has focused on schemes derived from one of two 
sources: the original BB84 protocol (which does not involve entangle¬ 
ment) and the Ekertqi protocol I40 (which does rely on entanglement). 


The fundamental ideas behind quantum cr5rptography have been well- 
explained in many previous review articles and books; we do not repeat 
them here, but recommend instead References and 143) as starting 
points for readers unfamiliar with the BB84 and Ekertg protocols. 

Bennett et al. | [^ showed that the Ekertqi protocol is in some sense equiv¬ 
alent to the BB84 protocol. One might naively conclude that BB84 is a su¬ 
perior choice for practical implementation, since it calls for only a single 
source of unentangled flying qubits, whereas Ekertqi requires the genera¬ 
tion of high-fidelity entangled qubit pairs. However, there is a crucial dif¬ 
ference between BB84-based schemes and Ekertqi-based schemes that we 
would like to emphasize here: BB84-based QKD can be achieved over long 
distances using classical relays that need physical security, whereas Ekertqi- 
based QKD can be achieved over long distances using quantum repeaters 
that need not be secure. Given that repeaters in a fibre-based network will 
likely need to be placed somewhere between every 10 km and every 300 km, 
the advantage of not needing trusted, armed guards at every repeater sta¬ 
tion in order to ensure the integrity of the system is highly non-trivial. 


Satellite-based schemes in largely avoid the need for repeaters, but have 
their own disadvantages (for example, the ease with which an attacker could 
perform a denial-of-service attack by simply blocking the tree-space path, 
or by destroying the satellite). Nevertheless, practical satellite-based Ek- 
ertqi may well be implemented before fibre-and-quantum-repeater-based 
Ekertqi, due to the extreme difficulty in implementing a practically-relevant 


Problem 

Classical Repeater Solution 

Quantum Repeater Solution 

Channel-induced Loss 

Channel-induced Distortion 

Signal Amplification (via 
Regeneration) 

Signal Regeneration 

Entanglement Swapping 

Entanglement Purification / 
Quantum Error Correction 


Table 1: A summary of the analogues between classical communication repeaters and 
quantum repeaters. 


generally refer to the version of the Ekertgi protocol described by Bennett et al. in Refer¬ 
ence ED- 
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quantum repeater. To the extent that satellite-based QKD schemes do use 
repeaters (for example, for dealing wifh fhe lack of a direcf free-space pafh 
from one side of fhe earfh fo fhe ofher), our descripfions of classical re¬ 
lays and quantum repeaters, and the potential role of QDs in building fhese 
quanfum communicafion fechnologies, remain relevanf. We also nofe fhaf 
safellife-based schemes can plausibly implemenf bofh BBSq-based QKD and 
Ekerfqi-based QKD, wifh many of fhe same advanfages and disadvanfages 
we discuss for fibre-based implemenfafions of eifher. 


2.1.3 Long-distance Quantum Key Distribution with Classical Re¬ 
lays 

Scarani et al. provide a comprehensive review of fhe derivafives of fhe 
original BB84 profocol fhaf have been developed over fhe pasf 20 years as 
a resulf of fhe challenges in making single-phofon sources and in fransmif- 
fing polarizafion-encoded qubifs over subsfanfial disfances wifhouf deco¬ 
herence. In Secfion VIII.A.5 of Ref. | [^ , fhey provide a very brief summary 
of fhe use of classical relays fo exfend fhe disfances over which quanfum key 
disfribufion can work. A recenf example of fhe deployment of such a QKD 
nefwork is fhaf by a group of companies aiming fo build a large nefwork in 
China, including a link between Beijing and Shanghai [ [4^ . 

The idea of a classical relay for QKD is very simple. Suppose we have disfanf 
sfafions for Alice (A), Bob (B), and a relay (R). We begin by having Alice and 
fhe Relay share a secref key Icar (using, for example, BB84), and having fhe 
Relay and Bob share a (differenf) secref key Icrb. There are now two main 
options - Qpfion 1, as described in References |^: if Alice wanfs fo 
send a secure message fo Bob, she can encr5rpt fhe message using fhe key 
IcaR/ the Relay can decr}^)! fhe message (using fhe key A:ar)/ then re-encr5q)t 
the message using key Icrb/ und send the encr5rpted message to Bob, who 
can decrypt the message. In this option, the QKD relay stores both keys 
and is involved in transmitting the actual message. Option 2, as described 
in References ||4^-^^ and implemented in the Vierma QKD network 
alternatively the Relay can use the key Icrb to encr5rpt a message consisting 
of the key A:ar (which is the key Alice holds), and send this message to Bob, 
who can decrypt it using the key Icrb- Bob thus ends up with the key ^aR/ 
and so a secret key (A:ar) has been distributed between Alice and Bob, via 
the relay. Alice and Bob can then communicate using this key over whatever 
classical charmel they like. In this option, the QKD relay is only ever used 
to transfer keys. 

As we have noted, the classical relay strategy given here does not depend 
on the method used to share the private keys between nearest-neighbour 
stations. Thus long-distance QKD using classical relays in the way we have 
described here can be performed with BB84-based protocols or Ekertgi- 
based protocols. However, the benefit that Ekertqi-based protocols can offer 
long-distance QKD using insecure repeater stations is only true with we 
use quantum repeaters; with classical repeater stations, the same repeater 
station physical security requirement as with BB84-based implementations 
is imposed. 
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Classical Memory O 
Key Sharing via QKD ^ 3 



Figure i: Long-distance Quantum Key Distribution using a Classical Relay. If a key A:ar 
is shared between Alice and a relay, and another key /crb is shared between the relay 
and Bob, then a secure message can be sent from Alice fo Bob, assuming fhaf fhe relay 
sife is secured. Classical relays are much simpler fo build fhan quanfum repealers, since 
fhey only need classical memories. All relays musf however be secured, ofherwise fhe 
privacy of fhe communicafions befween Alice and Bob cannof be guaranfeed. 



2.1.4 Long-distance Quantum Key Distribution using Ekertgi and 
Quantum Repeaters 


A quantum repeater is a device that allows for the distribution of entangled 
qubits over distances that are beyond the limits imposed by loss and deco¬ 
herence when considering sending qubits directly from one node (Alice) to 
another node (Bob). The fundamental advantage that quantum repeaters 
have over classical relays for extending the range over which QKD is possi¬ 
ble is, as we have mentioned, that the quantum repeater nodes need not be 
physically secure. The main disadvantage that they have is that it appears 
to be exceptionally difficult to realize practical quantum repeaters. 


The Ekertqi protocol Iqo-^ for QKD between two nodes (Alice and Bob) 
calls for the generation of an entangled qubit pair where one of the qubits 
is sent to Alice, and the other is sent to Bob. If we place a quantum repeater 
between these nodes, the distance between Alice and Bob can be extended. 
First we need Alice and the Repeater to share an entangled qubit pair, and 
for Bob and the Repeater to share another entangled qubit pair. Now, at 
the Repeater node, we perform a measurement of the two qubits in the 
Bell state basis; the outcome heralds the creation of an entangled Bell qubit 
pair between the qubits held by Alice and Bob. This procedure is called 
entanglement swapping, since the qubits that were at Alice and at Bob, 
which were originally not entangled, become entangled as a result of the 
local measurement operations that are performed at the Repeater. This is 
one of the two fundamental operations of a quantum repeater, and was 
described in 1993 by Bermett et al. and by Zukowski et al. 1 ^. 


The entanglement swapping procedure itself does not require a quantum 
memory. However, an entanglement-swapping-based quantum repeater 
must have long-coherence-time quantum memories, otherwise it will be 
unable to provide a benefit. This is because entanglement swapping only 
works if entanglement between Alice and the Repeater, and between the Re¬ 
peater and Bob, exist simultaneously. To illustrate this somewhat explicitly. 
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Long-Distance Entanglement Distribution 






Figure 2: Long-distance Entanglement Distribution using a Quantum Repeater. Long¬ 
distance quantum key distribution without the need for secured relays is made possible 
by the use of a quanfum repeafer network, which can disfribufe enfanglemenf befween 
fhe endpoinfs (Alice and Bob), and an enfanglemenf-based QKD protocol (Ekerfgi, or 
derivafives fhereof). If an eavesdropper disfurbs even one of fhe quanfum repeafer 
sfafions or links, and affempfs to gain information abouf fhe key being disfribufed, fhis 
disfurbance will be defecfable (unlike wifh fhe classical relay scheme). 


we consider two scenarios - one without a repeater, and one with a memory¬ 
less repeater, and in both cases an equal total distance (L) between Alice and 
Bob. Eor concreteness, we assume that entangled-photon-pair sources be¬ 
tween the nodes are used as sources of entangled qubits. The transmission 
probability of a photon propagating through a fibre decays exponentially 
with the length L of the fibre: pi = 10 to“, where a is the attenuation co¬ 
efficient in dB per unit distance. In the scenario with just Alice and Bob 
(no repeater), an entangled-photon pair will successfully be shared between 
Alice and Bob with probability p^/2 = Pl- If the entangled-photon-pair 
source generates pairs at a rate Rq, then the rate of entanglement genera¬ 
tion between Alice and Bob will be RqPl- In the second scenario, that with 
Alice, a (memoryless) repeater, and Bob, each separated by a distance L/ 2 , 
entanglement may be generated between Alice and the Repeater with prob¬ 
ability pi/2, and independently entanglement may be generated between 
the Repeater and Bob with probability pi/2- For entanglement swapping to 
succeed, both these events must occur simultaneously, which happens with 
probability p^/2 = Pu so the rate of entanglement generation between Alice 
and Bob is RqPl- Therefore the entanglement generation rate between Alice 
and Bob is the same for the case of a direct connection between Alice and 
Bob, and the case when a memoryless repeater is placed between Alice and 
Bob. 

However, if we endow Alice, Bob, and the Repeater with memory, then we 
find that using a repeater can increase the rate of entanglement generation 
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over a fixed distance, as we will see with the following toy protocol. The Re¬ 
peater waits for the photonic qubit from Alice's side to arriv^^ and stores 
it in memor}/^ Alice's side is instructed (via a classical charmel) to stop 
generating Bell pairs, and Alice stores her current qubit in memory tooj^ A 
Bell pair is now shared between Alice and the Repeater. Bob's side contin¬ 
ues to generate Bell pairs, sending photons to the Repeater. The Repeater 
waits for a photonic qubit from Bob's side to arrive, and when one does, 
the Repeater can then perform entanglement swapping between the qubit 
from Alice's side (stored in the Repeater's memory) and the new qubit from 
Bob's side, yielding entanglement between Alice and Bob's local qubits. The 
rate of generation of entanglement between Alice and Bob i ^^ RoVn- 
If Pl ^ 1, this rate may be substantially faster than RqPl (the rate for the 
memoryless repeater scheme), so the Repeater has become usefulp^ 


A rudimentary repeater using only entanglement swapping, such as the 
one described above, may make long-distance entanglement distribution 
over fibre practical, assuming that the Bell pair generation is perfect, that 
the quantum memories are perfect, and that the local operations at the re¬ 
peaters are perfect. Entanglement purification I30 ^ allows some of 

these assumptions to be relaxed. As we have mentioned already, entan¬ 
glement purification refers to a class of procedures that each use a set of 
lower-fidelity entangled qubit pairs to produce a smaller number of higher- 
fidelity entangled qubit pairs, provided that the fidelity of the initial qubit 
pairs is above a certain threshold. Entanglement purification provides a 
clever solution to deal with the imperfections of a real system, since the 
effect of all imperfections is just the degradation of the fidelity of the en¬ 
tangled qubit pairs. Some of the early quantum repeater proposals 1 32 ^ 
analyzed how one may perform long-distance entanglement distribution 
using quantum repeaters (incorporating both entanglement swapping and 
entanglement purification) that have faulty local operations, and found that 
error rates of ~ 1% for local one- two-qubit gates and measurement may be 
tolerated (i.e., the system may still be able to distribute high-fidelity entan¬ 
gled pairs, even when the local operations in the repeaters are imperfect). 


Unfortunately, achieving the assumed fidelities and operation error prob¬ 
abilities in experimental systems is very challenging. Eurthermore, it is 
unreasonable to assume that physical stationary qubits will be arbitrarily 


^^The Repeater can also handle the case where the photon from Bob's side arrives first. For 
simplicitly, we describe here only the case of entanglement being successfully generated between 
Alice and the Repeater first. 

’^ 3 We assume here for illustrative purposes that the probability for the repeater to store the 
flying qubit in memory is unity; in a practical repeater this is an important parameter to opti¬ 
mize, since if it is too small, the use of a repeater will reduce the overall rate of entanglement 
distribution. 

^ 4 Note that we have assumed here that the Repeater can tell if a photon (from Alice or Bob) has 
arrived. This is in practice difficult to do without disturbing the photon, so repeaters are generally 
designed to avoid this requirement. We describe more practical proposals in the next section. 

’^^For the protocol described here, and including the handling of the case where the photon 
from Bob's side arrives first and is stored, the ra te is « ( 0 . 67 ) ■ Rq^/Pl- 


16 


As we cover in more detail in Section 
in Pl ~ 10 ^^ when L ~ 100 km, and coup' 


Pl is typically very small: loss in the fibre results 
ling and detection losses can easily amount to a further 
30 dB of loss. Therefore in basically all practical situations, the rate ( 0 . 67 ) • Roy^pT is much larger 
than RoPl. 
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long-lived, and in the case of spins in quantum dots, it is unlikely that 
T2 times beyond several milliseconds will be achievable 113 ^2 1, even with 
substantial materials and device engineering effort. Fortunately, it is in prin¬ 
ciple possible to make an arbitrarily long-lived logical quantum memory by 
using quantum error correction |^, provided enough physical qubits are 
available, and sufficiently high-fidelity local operations can be performed 
on them. Building quantum repeaters using a fault-tolerant error correcting 
scheme also allows for the construction of logical local operations with fi¬ 
delities that are much higher than the fidelities of the native operations on 
physical qubits. 


More recent theoretical work on quantum repeaters has also considered how 
to perform the task of entanglement purification (which is effectively that 
of correcting errors in the distributed Bell pairs) using other methods based 
on fault-tolerant quantum error correction, such as Calderbank-Shor-Steane 
codes I 


the surface code I35 


_ |, and topologically-protected cluster 

states ]34| . These approaches may also have advantages over entanglement- 
purification-based quantum repeaters 132 ^ in the reduced classical com¬ 
munication required for operation, which is predicted to have dramatic ef¬ 
fects on performance 1 35 


The high-level architectural studies of quantum repeaters are currently far- 
removed from practical experimental realities, and we will not go into fur¬ 
ther detail about them in this chapter. However, one important overall point 
for us to emphasize is that these state-of-the-art proposals for quantum 
repeaters essentially call for the implementation of quantum repeaters as 
smalj^ fault-tolerant quantum computers that are also equipped with pho¬ 
tonic interfaces. The task of constructing practical quantum repeaters thus 
appears to be at least as difficult, if not more difficult than, building a prac¬ 
tical fault-tolerant gate-model quantum computer. 


2.2 Design of Quantum Repeaters 

As we have explained in the previous section (Section [2.1.4) , quantum re¬ 
peaters need to incorporate quantum memory. One approach is to directly 
store photonic qubits, for example using a cavit}/]^ The alternative, which 
we focus on, is to introduce quantum memories based on matter, and an in¬ 
terface between these quantum memories and photons (both for incoming 
and outgoing photons). 


’^7Fowler et al. predict that their scheme will be able to distribute entangled pairs from one 
side of the earth to the other at a MHz rate if the endpoints are coimected by ~ 10^ repeaters, 
each containing ~ 10^ physical qubits, provided that initial entangled pair fidelities are > 0.96, 
and quantum gates that can operate on nanosecond timescales are available. 

^®One can imagine storing a photonic qubit in a ring cavity, but sufficiently low-loss cavities 
are not available in practice. For example, to store a photon in a fibre loop for 1 ms requires the 
photon to propagate through (1 ms • ^^) « 185 km of fibre, which would result, at best in 
absorption of the photon (and consequently complete loss of the qubit) in « 99.9% of attempts 
to store the qubit. To achieve on-demand photon extraction for variable storage times, a slightly 
more sophisticated cavity scheme is needed (such as that described in Ref. j^), which typically 
introduces even more loss. 
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2.2.1 Heralded Entanglement Generation 


In 2001, Duan et al. [ [3^ introduced a protocol (known as the DLCZ scheme) 
for entangling two remote atomic-ensemble-based quantum memories, us¬ 
ing photons, and in such a way that successful enfanglemenf is heraldec^^ 
The DLCZ protocol is a member of a class of heralded profocols fhaf can be 
used to enfangle disfanf quanfum memories provided fhaf if is possible to 
generafe an enfangled sfafe between each quanfum memory and a phofonic 
qubif. 


Anofher profocol from fhis class is fhe Simon-Irvine protocol | [58) . The 
freafmenf of if fhaf we give here follows closely fhe formulation given by 
Moehring et al. 159!^ Assume fhaf we have two remote quantum memo¬ 
ries, Alice (A) and Bob (B), and each memory can be described as a single 
qubit: Alice has memory basis states {|t)A' I' 1 ')a}' memory 

basis states {|t)B / |4 ')b}' Let's suppose that each memory can be entangled 
with a polarization-encoded photonic qubit, i.e., each quantum memory has 
associated with it a single photon whose polarization state we use to repre¬ 
sent a qubit. We will label the basis states of the photonic qubit for Alice as 
{|H)a, |V)a}, and for Bob as {|H)b, |V)b}. 


Suppose that both Alice and Bob can, through some as-yet-undescribed 
method, produce the following spin-photon entangled states: 


\^)a = 

^(lt)A®|H)A-k)A®|V)A) 

(1) 

h/’)B ^ 

( t)B ® ^)b “ '1')b ® r^)B) 

(2) 


In this case, Alice has a quantum memory and a photon that is entangled 
with it, and similarly Bob has a quantum memory, and a photon that is 
entangled with it. The key idea of the protocol is that we can perform a 
simple operation that will perform entanglement swapping on the photons 
from Alice and Bob, such that when the entanglement swapping operation 
has been completed, the two quantum memories of Alice and Bob will be 
entangled, even though they never directly interacted with each other. 

Figure [^illustrates this entanglement generation protocol. The photon from 
Alice and the photon from Bob are mixed on a non-polarizing 50/50 beam- 

heralded, we mean that although the protocol for generating entanglement does not suc¬ 
ceed every time it is attempted (and indeed may have an extremely low probability of success), 
the protocol intrinsically provides a signal that lets the experimenter know when the protocol was 
successful. 

^“While we have chosen to focus on one particular heralded entanglement generation protocol 
in this chapter, we don't wish to give the impression that this is the only protocol that can possibly 
be used to entangle spins in remote quantum dots. Our discussion of a variant of the Simon-Irvine 
protocol is motivated by the fact that it is applicable to quantum dots, and has been successfully 
demonstrated with single ions j^. However, many other protocols exist that may plausibly be 
used to entangle remote quantum dot spin qubits, and may ultimately prove to be superior. Our 
discussion is meant merely to provide intuition for how one popular subset of protocols (those 
involving spin-photon interfaces and single-photons) works. 
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Figure 3: A Protocol for Entangling Remote Quantum Memories. A quantum memory 
(represented here by a single spin) located with Alice can be entangled with a quan¬ 
tum memory located with Bob if both quantum memories can emit photons that are 
entangled with their respective spins. The photons from Alice and Bob are interfered 
on a beam splitter, which has detectors on both output ports. If both detectors detect 
a photon, then entanglement between Alice's and Bob's memories has been generated. 
In particular, the following maximally-entangled state of Alice's and Bob's memories is 
heralded: i (It)* |Wb - It),)- 


Splitter, and each output port of the beamsplitter is monitored by a single¬ 
photon detector (which produces a click if a photon is present in the mode, 
and otherwise does not). The state of the system before the beamsplitter is: 


\^) 


system 


1 r 


2 L 
1 
2 


(|t)A |H)a - |;)a |V)a) ® (lt>B |H)b - |;)b |V>e 



0+) + 

0-) 

/ memories 

/ photons 

/ memories 




photons 


w+) 

Y+\ 

Y-) 

Y-) 

/ memories 

/ photons 

/ memories 

/ photons 


(3) 

(4) 

(5) 


As given by Moehring et al. 1 |3^ , this rewriting of the system state in terms 
of states of the memories and of the photons allows us to easily interpret the 
outcomes of such a setup. Here |‘I>^)jnemories = ^ lt)B ± l'^)A 

I memories = ^ (I'^)a l'^)B ± l'^)A lt)B)- Identical photons imping¬ 
ing on a beamsplitter give rise to the Hong-Ou-Mandel effect | [6o) : they will 
bunch into the same output port. For photons that are indistinguishable 
in all but their polarization, the net effect gives rise to a situation where 
only a fully antisymmetric two-photon stat^^ impinging on the beam¬ 
splitter in this experimental setup (Figure can result in both detectors 
clicking at the same time. Any symmetric two-photon input state leads 
to photon bunching, where both photons exit out of a single port, result¬ 
ing in (at most) only one of the detectors clicking in the relevant time 


^^More precisely, the quantum state describing the polarization degree of freedom of each 
photon should be antisymmetric. 
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window^ Of the four two-photon states |‘I>^)photons' l’*'^)photons' 
l’*'”)photons = ^ (|f^)A|V)B-|V) a|H)b) is antisymmetric. Therefore if 
both single-photon detectors after the beamsplitter click, we have measured 
the photonic part of the system state to be I’f ) photons' therefore the 

memories are projected to be in the state . . Therefore a double- 

click event heralds the generation of entanglement between the quantum 
memories at Alice and Bob's nodesF^ 

Heralding and Experimental Errors 

The use of the double-click event to herald success is very important. There 
are many ways for such an experiment to result in only one of the detectors 
clickin^^ However, so long as detector dark counts are sufficiently low, 
there can be a high probability that if both detectors click that this was 
because the photonic state really was I’f”) photons' memories are in 

the entangled state I . . 

Besides imperfections in the detectors (leading to dark counts), there is an¬ 
other way in which this protocol can falsely indicate that 1’^ ) memories 
been generated, when in fact it has not. If the quantum memories produce, 
with non-zero probability, more than one photon within the time window 
being considered for detector clicks, then the experimentalist may measure 
two clicks, but have the memories not actually be in the state , 

i.e., the heralded state will not be the target state. This is undesirable. There¬ 
fore the second-order correlation function, and in particular, the 

value (t = 0 ), is an important parameter for determining the suitabil¬ 
ity of a quantum-memory-photon interface for use in a quantum repeater. 
Ideally ( 0 ) = 0 , and the larger it is, the greater will be the percentage of 
heralding events that incorrectly indicate that the target entangled state has 
been generated. 

Impact of Photon Loss on the Effectiveness of Entanglement Distribution 

Protocols that rely on a double-click event (in the way we have described) to 
herald the generation of entanglement are sensitive to loss. For an attempt 
at the heralded generation of entanglement between quantum memories to 
succeed, a photon from Alice must arrive at a detector (and be detected by 
it), and a photon from Bob must arrive and be detected. Therefore the prob¬ 
abilities Pa/ Pb of photons from Alice and Bob being detected determine the 
probability psuccess of successful heralded entanglement generation between 
Alice and Bob as Psuccess = PaPb- ^Ve have mentioned several ways in which 
photon loss may occur, but here let's assume that we have the nearly ideal 
scenario that the only loss is due to absorption in an optical fibre. We now 
briefly analyze how this photon loss affects the system performance as a 
function of distance between Alice and Bob. 

^^This assumes the absence of detector dark counts. 

^3 If the single-photon detectors are replaced with number-resolving detectors, then all four 
memory Bell states can be heralded. If four single-photon detectors (and two polarizers) are 
available, then both IT+) and can be heralded. 

^4Some examples are: loss of a photon during outcoupling from the quantum memory system; 
loss during propagation; failure of a detector to click even though the photon arrived, due to 
non-unity quantum efficiency of the detector. 


H 



One of the lowest-loss optical fibres currently available has an attenuation 
of a w 0.17 dB/km |j5^, when transmitting photons with wavelength ^ 
1550 nmp^ Let's suppose that Alice and Bob's memories can emit photons 
entangled with them at a rate of Rq = 1 MHz (in general, the rate Rq cannot 
be faster than the inverse of the lifetime of the optically excited state in 
the quantum memory, which we refer to as the spontaneous emission time). 
With perfect photon collection and perfect detectors, the entangled memory 
generation rate would be R = 1 MHz, in the absence of photon loss. Now 
let's consider the impact of photon loss in the fibre. Let's suppose that Alice 
and Bob are a distance 2 L apart, that the beamsplitter and detectors are 
located at the midpoint of Alice and Bob, and thus that both memories emit 
photons into fibres of length L. The photon loss in the fibre results in a 

reduction of photon transmission probabilities: Pa = Pb = 10 Thus the 
entanglement generation rate R is: 


( 6 ) 

( 7 ) 


R = RoPaPb = RoP'. 


success 



For L = 10 km, the loss in each fiber is 1.7 dB, so Pa = Pb ^ 0 . 68 , thus 
Psuccess ~ 0 . 46 , so the entanglement rate R drops to R w 460 kHz. If 
L = 100 km, then Psuccess ~ 4.0 x 10 “^, so R ~ 400 Hz. If L = 200 km, 
then R w 0.1585 Hz. And if L = 300 km, then R w 6.3 x 10 “® Hz; note 
that this implies the successful generation of an entangled pair only once 
every ^ w 4.4 hrj^ It is clear from this simple calculation why quantum 
repeaters are necessary to generate entanglement over fibre for distances of 
100 km. When one considers the other losses in the system, estimates 
for the distances over which entanglement distribution can be performed 
through fibre without quantum repeaters are even smaller. 

^5 What we outline in this section is a best-case scenario for the loss, since we assume that the 
photons are in the lowest loss band (covering approximately the range 1525 nm-1575 nm j^). 
Note that the vast majority of current quantum technology experiments occur with systems that 
emit photons at wavelengths that experience dramatically higher attenuation. For example, the 
attenuation coefficient for 850 nm photons is typically a ~ 3.5 dB/km. See Table for a few 
examples. This strongly motivates work to either engineer quantum systems that natively emit 
~ 1550 nm photons, or to build nonlinear optical systems \6i\ that can convert light at 
high-loss wavelengths to wavelengths that have low loss in fibres. 

^®We would like a high rate of entangled-pair generation in general (for example, to facilitate a 
high generation rate of distributed keys in QKD applications), so naturally we seek to maximize 
the success probability ^success- However, there is also a crucial limit to how low the heralded 
success rate can be before the entanglement distribution stops working at all: the rate of coincident 
arrivals of photons at the detectors needs to be higher than the dark count rate of the detectors (in 
the appropriate time windows). If the coincident arrival rate is not much higher, then a significant 
portion of the double-click events will be a result of dark counts, not actual two-photon detections, 
and these falsely-heralded events will result in a reduction in the fidelity of the target entangled 
state to below the fidelity threshold for error correction or purification to function. As we will 
discuss shortly, unheralded entanglement generation protocols lead to mixed states, which is 
imdesirable. False heralding events (for example, due to detector dark counts) also result in 
mixed states being produced, but with sufficiently low dark-count rates versus heralding success 
rates, even imperfect heralded schemes are tolerant to photon loss such that rather high fidelity 
mixed states can be produced (ones that, for example, can still violate Bell's inequality). 
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The Importance of Heralding for Entanglement Distribution in a Quan¬ 
tum Network 


Heralding is important, for at least two reasons: i.) non-heralded entan¬ 
glement protocols result in a mixed state p = q |Y) (Y| -|- 1^). 

where |Y) is the desired (target) entangled state (for example, one of the 
Bell states), are other states, and r, are the probabilities of the system 
ending in one of these states. The state p will not violate BHl's inequality, 
and will generally fail to serve as a useful quantum information resource, if 
the success probability q is not sufficiently high (as opposed to a heralded 
scheme, where q can be arbitrarily low, and you can still measure Bell in¬ 
equality violations provided that you rerun the experiment of generating 
and measuring the state sufficiently many times that you do actually obtain 
a set of successfully heralded states). In unheralded schemes, reductions 
in q directly reduce the fidelity of the output state|^ 2.) As we explained 
in Section 2.1.4 quantum repeaters only confer an advanfage if they have 
quantum memories, since the memory allows for one link fo stop trying to 
generate entanglement after it succeeds. However, if fhere is no heralding 
mechanism, there is no way to know when to tell a particular link to stop 
trying to generate entanglement because it has succeeded! 


We can consider the impact on the performance of a quantum network 
where entanglement generation between nodes is performed wifh heralding 
or withouf heralding in the following way. Suppose we have a network with 
N nodes (Alice, Bob, and N — 2 repeater nodes), and that the entanglement 
generation between adjacent nodes succeeds, on each attempt, with proba¬ 
bility Psuccess/ arid assume that attempts can be made at a rate Rq- With a 
heralded entanglement generation protocol, the overall rate of enfanglemenf 
generation between Alice and Bob will scale roughly a^^koPsuccess/log(N), 
where we note that there is only a very weak (inverse logarithmic) depen¬ 
dence on the number of nodes. However, if fhe enfanglemenf generation 
protocol is unheralded, then the rate is dramatically reduced: it will scale 
as ko Process • Note that for even very small numbers of repeaters (e.g., 10), 
the rate will become unusably small for realistic single-hop success proba¬ 
bilities (psuccess ^ 1)- 


^7The r; should satisfy the relation = (1 — q). 

^®If all the other states |^). are not very "different" from the target state |Y), i.e., ~ 1, 

then the reduction in fidelity from measuring the mixed state p, as opposed to the heralded 
ensemble of target states, will not be severe. However, in many situations, there will be some 
states \(p)^ that are nearly orthogonal to IT), and have high probabilities r, of being generated, 
and this will dramatically decrease the measured fidelity. 

^^To illustrate our point, we assume here a simple entanglement-swapping-based approach to 
distributing entanglement, in which the adjacent nodes each attempt to become entangled with 
their immediate neighbours (stopping once they have succeeded), and where the protocol is reset 
once every pair of adjacent nodes shares an entangled qubit pair. This yields an imbroken chain 
of entanglement that can be converted, via entanglement swapping, to an entangled qubit pair 
being shared between Alice and Bob. Once an entangled qubit pair is shared between Alice and 
Bob, we assume it is used, and protocol begins all over again. 
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2.2.2 Constraints on Entanglement Distribution and on Quantum 
Repeater Design from Finite Quantum Memory Coherence 
Time 


In this section, we briefly outline how the coherence times of the quantum 
memories used impact both simple entanglement distribution experiments, 
and the design of quanfum repeaters for more advanced experiments that 
incorporate entanglement swapping and purification and/or quantum error 
correction. 


Constraints on Simple Entanglement Distribution from Finite Quantum 
Memory Coherence Time 


The current state-of-the-art in experimental demonstrations of entangle¬ 
ment distribution between quantum memories is the generation of entan¬ 
gled states between two quantum memories that are spatially separated by 
several meters, either through free-space photon propagation, or through 
optical fibre. This has been achieved with quantum memories implemented 
in a variety of phy sical systems, including single ions toI, single 

ato ms \ 6 ‘^\ [^ , ensembles of Cs atoms and with NV centers in 
diamond |66|. Entanglement between spins in distant quantum dots has 
not yet been demonstrated. 


Before quantum repeaters using error correction (such as in Refs. I35 38 


1^ ) become practical, prototype repeaters using no error correction are 
likely to be tested. In these demonstrations, the coherence time of the quan¬ 
tum memory qubits is a crucial parameter. In the case of qubits formed 
from spins in quantum dots, T2 ^ Ti, so the T2 time provides the limit on 
how long the spin can store a qubitj^ 


Suppose that for the purposes of demonstrating quantum repeater func¬ 
tionality with just two end nodes (Alice and Bob) and a single repeater 
(endowed only with two quantum memories, and entanglement swapping 
capability), one uses the following simple protocol. The protocol repeat¬ 
edly attempts to form entanglement between Alice and the Repeater, and 
between the Repeater and Bob, and pauses entanglement generation over 
one of those hops when entanglement is successfully generated over it. In 
this protocol, the T2 times of the memories at Alice, Bob, and the Repeater 
should be larger than the time required for the photons to propagate to the 
midpoint heralding apparatus, in addition to the time required to classically 
communicate that entanglement generation between Alice and the Repeater 
(for example) was successful (this will be at least the time required for light 
to travel half the distance between Alice and the Repeater )□ Thus we ob¬ 
tain the limit T2 > (^ + ^) = The T2 times should also be longer than 


3°Since the longitudinal relaxation time Tj adheres to the relation TTi > T 2 (under the assump¬ 
tion that the noise is isotropic with respect to the different qubit axes; this is a good assumption 
in most systems for physically-relevant noise sources), the Tj time is generally not the limiting 
timescale. T 2 , the coherence time (or transverse relaxation time), is generally what defines the 
useful lifetime of a qubit. 

3^Jones et al. (6^ introduced a scheme whereby the heralding is performed at the repeater sites 
(as opposed to at locations midway between the repeaters), and failed attempts can be reattempted 
without waiting for a delayed classical signal. Even in this protocol though, when a node measures 
a heralding success, it still has to wait for a classical signal from the adjacent node. 
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the time required to perform the entanglement swapping operation on the 
quantum memories in the repeater, i.e., T2 should be longer than the one- 
qubit-gate, two-qubit-gate, and measurement times. For any long distance 
L, the limit from fhe photon propagafion fime (T2 > will be fhe more 
sfringenf one, buf for profof5rpe demonsfrafions (e.g., L = 10 m), fhe limif 
from fhe local operation times may be more relevanf. However, fhe use of 
memory is nof particularly helpful in improving fhe rafe of generafion of en- 
fanglemenf between Alice and Bob if fhe memories cannof sfore fhe qubifs 
for subsfanfially longer fhan if fakes fo affempf generafing enfanglemenf 
over a single hop (e.g., befween fhe Repeater and Bob). To demonsfrafe a 
subsfanfial benefif from fhe use of fhe repeafer in disfribufing enfanglemenf 
befween Alice and Bob, if is necessary for T2 fo be af leasf on fhe order of 
fhe average fime if fakes for heralded generafion of enfanglemenf over a 
single hop fo succeed]^ Nofe fhaf meefing fhis criferion wifh currenf fech- 
nology is nof frivial: even for very shorf disfances (on fhe order of mefers), 
fhe T2 fime will likely need fo be second^^ If one wanfs fo add additional 
repeaters in such a demonsfrafion experimenf, fhen fhe T2 fime needs fo be 
increased accordingly. 

Constraints on Quantum Repeater Design from Finite Quantum Memory 
Coherence Time 


There are many possible designs for a faulf-foleranf quanfum repeafer, and 
we don'f aim fo provide comprehensive coverage of fhem in fhis chapter. 
However, given fhe rafher dire predicfions in fhe previous secfion for whaf 
quanfum memory coherence fimes are necessary in order fo gain an advan- 
fage from using quanfum repeafers, we would like fo now provide a very 
brief summary of how fhe required physical qubif T2 fime may be dramaf- 
ically reduced fo values fhaf are more conceivable for quanfum dof spin 
qubifs. 


For a long-disfance quanfum network with many hops, without the use of 
error correction, the physical qubit T2 time may need to be many hundreds, 
or possibly even thousands, of seconds, in order for the network to sustain a 
reasonable rate of high-fidelity entanglement generation. Very few physical 
qubit implementations offer such T2 times, and certainly not quantum dot 
spin qubits, which seem unlikely to surpass 10 ms-100 ms 113 


As we have mentioned before, the general plan in the quantum repeater 
community for alleviating this problem is to not use physical qubits di¬ 
rectly as quantum memories, but rather to implement some form of quan¬ 
tum error correction scheme, in which many physical qubits encode a sin¬ 
gle logical qubit. Then, so long as local gate operations are sufficiently fast 
and of sufficiently high fidelity, a logical qubit can be constructed to have 
an arbitrarily long coherence time (where the ratio of physical qubits re¬ 
quired to implement a single logical qubit increases as the desired coherence 


3^If the time taken to make a single attempt at generating entanglement over a single hop, set 
by the distance between the nodes, is Trep/ and the probability of success is Psuccessr then we want 
T 2 ^ Trep / p success- 

33 The repetition time Trep will be determined by how quickly the heralding signal can be 
processed by a classical feedback circuit. Let's assume Trep ~ 1 ps. Over short distances, Psuccess 
will be dominated by losses other than those from absorption in the fibre; e.g., coupling losses. A 
reasonable value to assume for quantum dots is psuccess ~ 10^^. Thus T2 > T^ep /psuccess ~ 1 sec. 
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time increases). For example, the surface code may be able to suitably pro¬ 
tect qubits that have T2 ~ 100 }is, provided that nearest-neighbour single¬ 
qubit gates, two-qubit gates, and measurement, are available on nanosecond 
timescales, and with an encoding where ~ 1000 physical qubits are used to 
encode a single logical qubit (quantum memory) I35 68). 


The prospect of, for each repeafer, essenfially implemenfing a faulf-foleranf 
universal quanfum compufer wifh fhousands of physical qubifs, is daunf- 
ing. There is much work underway fo fry fo find repeafer designs fhaf may 
be more realisfically implemenfed in fhe near- fo medium-ferm, buf cur- 
renfly all proposals require eifher error rafes, or scalabilify or bofh, fhaf are 
far ouf of reach of currenf fechnology For a review of many of fhe leading 
confemporary proposals, we recommended Ref. | [6^ . 


3 Quantum Dots as Building Blocks for Quantum 
Repeaters 


We have unfil now described in a fairly absfracf way fhe necessary feafures 
and funcfions of a quanfum repeafer. There are many physical sysfems 
fhaf are currenfly being considered as candidafes for implemenfing quan¬ 
fum repeafers. Some of fhem offer fhe advanfage of high nafive (non-error- 
correcfed) fidelifies, which may allow small-scale demonsfrafions of quan¬ 
fum repeafer funcfionalify via enfanglemenf swapping, buf which suffer 
from poor prospecfs for scalabilify, which likely will prevenf fheir adopfion 
in building large-scale quanfum repeafer sysfems. 

Opfically-acfive charged quanfum dofs are an appealing candidafe phys¬ 
ical sysfem for building a high-bandwidfh quanfum nefwork; one aspecf 
of fheir appeal is fhaf quanfum dof developmenf can leverage progress in 
commercial semiconductor fechnology. Schneider et al. lyo) , Maier et al. 

and ofhers have succeeded in growing regular 2D arrays of single InAs 
quanfum dofs. Jones et al. ||6^ discussed fhe prospecfs for designing a 
large-scale quanfum compufer fhaf can infegrafe > 10® quanfum dofs (each 
one implemenfing a single physical qubif) on a single ~ 4 cm^ chip; one can 
imagine a very similar design being relevanf for a quanfum repeafer node, 
excepf fhaf an additional oufcoupling of each photonic interface quanfum 
dof fo fibre would need fo be implemenfed. Unforfunafely fhe goal of re¬ 
alizing a 10®-physical-qubif quanfum compufer using quanfum dofs is sfill 
sufficienfly divorced from experimenfal realify fhaf if's nof even possible 
fo predicf wifh any cerfainfy when or if if will be possible fo realize such 
a machine. However, if a many-physical-qubif machine can be realized, if 
is possible fhaf a high-bandwidfh repeafer sysfem could be implemenfed 
despife fhe large overhead imposed by fhe use of an error correction code 
such as fhe surface code. 

Besides fhe requiremenf for many physical qubifs if one implemenfs a quan¬ 
fum repeafer using a large-overhead error correcting code, fhere is anofher 
advanfage fo having repeafer nodes wifh many quanfum memories and 
photonic inferfaces per node: if should be possible fo affempf fo generafe 
enfanglemenf befween memories in adjacenf nodes via many charmels in 
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parallel, and this will allow for much higher rates of entanglement genera¬ 
tion than if only a few parallel channels (or just a single channel) are used. 

Arguably the major fundamental disadvantage of using quantum dots to 
implement a quantum repeater is the need for the semiconductor sample 
to be cooled to liquid helium temperatures. At temperatures significantly 
above 10 K, the optical properties of quantum dots degrade dramatically. 
Many quantum dot spin qubit experiments also currently use superconduct¬ 
ing magnets (which are kept at T < 4.2 K), although it is conceivable that 
lower magnetic fields (achievable using non-superconducting magnets) may 
be sufficient]^ The use of cryogenic equipment at every repeater station is 
in principle feasible. However, given the cost of such equipment, there is 
a strong motivation to find physical systems that offer the advantages of 
quantum dots, but with the possibility of room-temperature (T ^ 300 K) 
operation. 

One common standard for coarsely evaluating a candidate physical realiza¬ 
tion of qubits for implementing a quantum repeater is the set of "Five (Plus 
Two)" DiVincenzo criteria ISI- The first five DiVincenzo criteria were ini¬ 
tially intended for helping to evaluate the suitability of physical qubits for 
implementing quantum computers. However, as we have covered, most de¬ 
signs for fault-tolerant quantum repeaters call for the creation of machines 
that are very similar to general-purpose quantum computers, so the DiVin¬ 
cenzo criteria are also relevant when evaluating technology for repeaters. 

We have grouped our discussion into two subsections: one relating to the 
quantum memory requirements for a repeater, and one relating to the pho¬ 
tonic interface between the quantum memory (stationary) qubits and the 
photonic (flying) qubits. 


3.1 Quantum Dots as Quantum Memories 


To evaluate the potential for quantum dot spin qubits to be used as quan¬ 
tum memories in a quantum repeater, one can evaluate them against the 
first five DiVincenzo criteria. The DiVincenzo criteria are, however, only a 
rough guide, and to accurately assess whether a technology may be used 
to produce a working repeater or not, one needs to consider a detailed 
repeater design, including the specifics of the error correction scheme to 
be used. Work towards this goal has been done by Jones et al. [ (68) for a 
quantum computer based on optically controlled quantum dot qubits, but a 
detailed design for a quantum-dot-based quantum repeater is not yet avail¬ 
able. However, from Ref. |68|, we have a basic idea of the performance 
required from quantum dot qubits in order to produce a functioning fault- 
tolerant machine, and at this stage more experimental progress is needed 


34The main reason that large magnetic fields (up to B ~ 6 T) are currently used is to ensure 
high-fidelity initialization and readout, when these two operations are performed using optical 
pumping 0. However, if high-fidelity, single-shot, quantum nondemolition readout is realized 
(which is currently thought to be required for any gate-model large-scale quantum computing 
system )68)), then it is quite plausible that only small magnetic fields (B ^ 1 T) may be required, 
since there exist proposals for single-shot readout of spins in quantum dots that do not require 
large magnetic fields (^j^. 
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(to provide precise numbers about achievable operation fidelities and times) 
before a more specific design will be needed fo provide a roadmap for fur- 
fher experimenfs. 

Before we sfarf fo consider fhe defails of how a faulf-foleranf quanfum re- 
peafer may be consfrucfed using quanfum dofs, lef us firsf review how 
quanfum dofs may meef fhe DiVincenzo criferia for quanfum memories. 


3.1.1 DiVincenzo Criterion 1: "A scalable physical system with 
well-characterized qubits" 

This criterion imposes two main requirements: that the system being pro¬ 
posed to implement a qubit can be well-described as a quantum two-level 
system (and therefore that the system has a negligible probability of being 
found in states besides | 0 ) and | 1 )), and that this system be scalable. 

A single quantum dot can trap a single conduction band electron, or a single 
valence-band (heavy) hole. This can be done deterministically, by embed¬ 
ding a layer of quantum dots in a diode structure - this is likely the con¬ 
figuration that will be used in a large-scale system. However, many current 
experiments use stochastic charging of the quantum dots, by placing a layer 
of n-type or p-type dopant near the quantum dot layer. 

Regardless of the engineering method used to charge the quantum dots 
in a sample, the key idea is that a single quantum dot can stably trap a 
single charge (electron or hole), and the spin state of this charge (which we 
denote as |t) and | 4 ,) in the case of an electrorj^ will serve as the qubit, 
i.e., = a I'I') -h 14 -). We can define the traditional quantum information 

"computational basis" in terms of these eigenstates (| 0 ) = |t)/ and | 1 ) = 
14,)), which gives us a single qubit with the notation used in the quantum 
information literature: \ip') = Pi\0) + (i | 1 ). 

In the case of the electron, which is a spin-j particle, there are only two 
spin eigenstates, so an isolated spin seems to easily meet the requirement 
that the system we choose should have a low probability of being found in 
a state besides |t) or | 4 -). A magnetic field is t5qjically used to split the spin 
eigenstates in energy. 

A single spin in a quantum dot is, however, not completely isolated: it is 
part of a larger system (the quantum dot), so there are other eigenstates 
of the broader system that could potentially be excited. For example, if a 
photon of an appropriate energy impinges on the quantum dot, it is possible 
that the photon may be absorbed by the quantum dot, creating an exciton 
(an electrostatically-bound electron-hole pair) in the QD. The quantum dot 
then contains two electrons and a hole (this three-particle set is typically 
called a trion), and it is appropriate to then model the system as having 
transitioned from a state well-described by the spin of just a single electron, 
to one that consists of two electron spins, and a hole spin. Fortunately in 
quantum dots, the energy of such an optical transition is large (^ even 
for room temperature), so the probability for a single quantum dot spin to 

35We use Ift) and | 41 .) to refer to the pseudospin eigenstates of a hole. 
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become a trion without the experimentalist explicitly shining light onto the 
quantum dot is negligible. 

It is also possible for a charged quantum dot to become uncharged, as the 
electron (for example) in if funnels ouf. One can fhink of fhis as a fransifion 
fo a fhird sfafe, or jusf as fhe loss of fhe qubif. Forfunafely if furns ouf fhaf 
quanfum dofs can sfably frap charges for upwards of 20 ms |j^, so for fhe 
timescales of currenf experimenfs (which lasf for af mosf a few microsec¬ 
onds per run), fhis is nof a major concern. Excifation fo, and relaxafion 
from, fhird (or higher) sfates is fundamentally cormected to decoherence, 
which we discuss later. 


3.1.2 DiVincenzo Criterion 2: "The ability to initialize the state of 
the qubits to a simple fiducial state" 


In quantum computation, the ability to initialize qubits is crucial for im¬ 
plementing any algorithm, since (in the gate model) algorithms begin by 
assuming that qubits are in some particular initial state (for example, each 
qubif being in the state | 0 )). Repeaters have a similar requirement, although 
depending on the specifics of fhe physical profocol used fo inferface fhe 
quanfum memory wifh phofonic qubifs, fhe initial sfafe mighf nof necessar¬ 
ily be one of fhe compufafional basis sfafes (|0) and |1)), nor a superposifion 
of fhem, buf some fhird sfafe. 


For fhe proposals we discuss in fhis chapfer concerning quanfum memories 
made from spins in opfically-acfive quanfum dofs, if is sufficienf fo be able 
to initialize each qubit in the quantum memory to one of fhe compufational 
basis sfafes, e.g., |0). 

The primary mefhod fhaf is used fo perform spin initialization of opfically- 
acfive quanfum dofs is opfical pumping. This is a fechnique borrowed from 
atomic physics and was demonsfrafed for spins in quanfum dofs in fhe 
so-called Voigf geomefry by Xu et al. in 2007 ||^. The Voigf geomefry is fhe 
name given fo fhe experimental configuration when the magnetic field is 
aligned perpendicular fo fhe opfical axis and crysfal growfh axis, as shown 
in Figure This is fhe geomefry in which spin-phofon enfanglemenf has 
been achieved, so if is fhe geomefry we focus on in fhis review. 


In fhe Voigf geomefry, fhe firsf opfically excifed sfafes of a charged quan¬ 
fum dof are fhe frion sfafes. Suppose fhaf a quanfum dof confains a single 
elecfron. If fhis quanfum dof absorbs a phofon, if will fhen confain an 
elecfron-hole pair, and fhe conducfion-band elecfron fhaf was already in fhe 
QD, i.e., a frion (as we explained in Secfion 3.1.1}. 


The relevanf energy level diagram and opfical selection rules for fhe system 
in the Voigt geometry are shown in Figure A feature of fhis diagram 
thaf is relevanf fo opfical pumping, as well as spin rofafion and spin-phofon 
enfanglemenf, is fhaf fhe opfically-excifed sfafes form two A systems wifh 
the ground spin states. The fact that the two trion states have allowed optical 
transitions to both spin ground states is crucial. 


Optical pumping allows the spin to be initialized into one of fhe two spin 
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Figure 4: Voigt Geometry. The Voigt geometry denotes an experimental setup in which 
a magnetic field is applied perpendicular to the growth axis of fhe sample. The opfical 
axis (fhe axis along which excifafion lighf fhaf impinges on fhe sample propagafes, and 
fhe axis along which emitted or reflecfed lighf fhaf is collecfed by a lens propagafes) is 
parallel fo fhe growfh axis. Self-assembled InAs quanfum dofs in a GaAs hosf crysfal 
are significanfly shorfer in fhe growfh axis fhan in eifher of fhe in-plane axes. A QD 
fypically has a heighf (dimension in fhe growfh axis) in fhe range 1 . 5 nm- 4 nm, and a 
diamefer (base lengfh) in fhe range 20 nm^O nm. 


ground sfafes on a few nanosecond fimescale by applying a narrowband 
GW laser resonanfly on any one of fhe four opfical fransifions. 


We will discuss briefly in Secfion 3.1.5 how opfical pumping can also be 
used fo perform spin measuremenf. There are alfernafives fo spin pump¬ 
ing for inifializafion, and fhe one mosf likely fo be used in a large-scale, 
faulf-foleranf sysfem is some form of single-shof, quanfum non-demolifion 
(QND) measuremenf: if one can perform an ideal von Neumann projecfive 
measuremenf on a qubif, fhen after fhe measuremenf fhe qubif will be in 
fhe sfafe |0) or |1), and based on fhe measuremenf resulf one can perform a 
NOT gafe fo flip fhe spin if needed, and in fhaf way inifialize fhe spin fo | 0 ) 
(or |1), if desired). 


3.1.3 DiVincenzo Criterion 3: "Long relevant decoherence times, 
much longer than the gate operation time" 

Spin-based qubits have been considered in many physical systems, since 
spin is an especially attractive degree of freedom to use for storing quantum 
information. Not only do spin-j particles by definition have only two spin 
levels (which helps in avoiding the problem of keeping whatever subsystem 
is being used as a qubit from accidentally exiting into third, fourth, etc., 
levels), but spin tends to not couple as strongly to uncontrolled degrees 
of freedom. For example, one could imagine defining a qubit's two states 
as being two different spatial wavefunctions of an electron. This has the 
significant disadvantage that not only does one then need to find a way to 
avoid exiting from the two-state manifold, but also that the wavefunction 
degree of freedom is significantly affected by Goulomb interactions with 
nearby charges (i.e., charge noise) The relative insensitivity of the spin 
degree of freedom to many sources of noise leads to spin qubits having 
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Figure 5: Level Diagram and Optical Selection Rules of a Quantum Dot in a Magnetic 
Field in the Voigt Geometry. When a charged quantum dot is placed in a magnetic 
field, fhe elecfron spin sfafes are splif in energy; fhis Zeeman splitting is denofed in fhis 
figure as Me- The two lowesf-energy opfical excifed sfafes are shown, and also have 
a Zeeman splitting (due to the interaction of fhe hole wifh fhe magnetic field). Bofh 
frion slates can decay to either electron spin ground state, with approximately equal 
probability (oscillator strength). Note that the transitions |t) ItJ-tl) and | 4 ,) ItJ-JJ-) 
have vertical-polarization selection rules, and the transitions |'() ItJ-ll-) and jj,) 
have horizontal-polarization selection rules, but with a 90 ° phase shift. 


relatively long coherence times, not only in quantum dots, but in other 
physical systems too. 

In the case of elecfron spin qubifs in self-assembled, opfically-acfive InAs 
quanfum dofs formed in GaAs, fhe T2 coherence time is fypically in fhe 
range lps- 3 ps; fhis has been measured for a single quanfum dof using a 
spin echo [ [7^ sequence. Hole spin qubifs have also been creafed and fheir 
coherence time direcfly measured using a spin echo sequence; De Greve et 
al. measured T2 ~ 1.1 jis |i^ for one such qubif. As fhe fhird DiVincenzo 
criferion says, fhese T2 values need fo be compared fo fhe gafe operafion 
fimes in order fo evaluafe fheir suifabilif)/]^ 

The exisfence of opfical fransifions in fhe quanfum dofs is useful for sev¬ 
eral reasons. The main focus of fhis book, and of fhis chapfer, is on fhe 
inferface befween photonic qubifs and sfationary (memory) qubifs, and fhe 
opfical transitions naturally facilitate direct conversion between these two 
forms of qubifs in fhe quanfum dof sysfem. Anofher advanfage has fo do 

3®Comparing the T 2 time to the gate operation times is overly simplistic. In prototype demon¬ 
strations of quantum repeaters where the quantum memories are not protected by quantum error 
correcting codes, then, as we have explained previously, the T 2 times need to also be compared 
to the relevant photon propagation times, with some consideration of entanglement generation 
heralding success probability. In the case where fault-tolerant quantum-error-corrected memories 
are to be built, the code and implementation details may call for T 2 times much longer than the 
gate times, but certainly the gate times provide a lower-bound on the requisite T 2 times. 
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with scaling: if we can perform all fhe operations on our sfafionary qubifs 
using radiation af optical frequencies, fhere may be no need for complicafed 
wiring on-chip in order fo deliver initialization, confrol and measuremenf 
pulses fo specific quanfum dofs. As Ref. |j6^ discusses in some defail, a full 
quanfum processor could pofenfially be made from a sample fhaf confains 
no wiring befween any of fhe quanfum dofs in a large 2D array, where all 
addressing is performed by beam-sfeering using micro mirrors. The use of 
optical radiation allows neighbouring qubifs fo be individually addressed 
despife being very densely packed; a spacing of 1 pim should be suffidenf 
fo allow diffracfion-limifed spofs fo focus on individual quanfum dofs wifh 
negligible undesired impacf on neighbouring qubifs. The benefif of opfi- 
cal fransifions mosf relevanf fo fhe fhird DiVincenzo criferion is, however, 
fhaf gafes implemenfed using optical pulses can be significanfly fasfer fhan 
gafes implemenfed using microwave frequency pulses fhaf manipulafe fhe 
spin ground sfafes direcfly |^. 


3.1.4 DiVincenzo Criterion 4: "A 'universal' set of quantum gates" 


Universal control over a single quantum dot spin qubit has already been 
demonstrated, both for an electron spin qubit ||^, and for a hole spin qubit 
|i^ . In both cases, a single rotation about the optical axis can be imple¬ 
mented on a timescale of approximately 2 ps- 4 ps, and a single rotation 
about the magnetic field (orthogonal) axis is realized by Larmor precession 
on a timescale of up to 50 ps (depending on the magnitude of the exter¬ 
nal magnetic field used, and on the spin ^-factor). A single qubit can be 
set to an arbitrary position on the Bloch sphere in well under 100 ps. The 
single qubit gate time is thus four orders of magnitude shorter than the T2 
coherence time|^ In other words, ~ 10 ^ single qubit operations could be 
performed on a qubit before it decoheres, provided that a suitable spin echo 
scheme is used, and under the assu mptio n that the fidelities of the single 
qubit operations are sufficiently high 
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37While the single qubit gate time clearly passes the DiVincenzo criterion that it should be 
much shorter than the T 2 time, it is necessary to develop and evaluate a full quantum computer 
design to be able to properly assess whether the timescales are truly compatible. We focus more on 
near-term experiments in this chapter, but for a discussion of the requirements in a fault-tolerant 
quantum computer based on quantum dots, see Ref. ( 68 j. 

3®Currently the fidelities of the single qubit gates limit the number of operations that can be 
applied to ^ 100 ; in practice, several orders of magnitude improvement in the gate infidelities 
would be needed to allow a sequence of 10 ^ operations to be usefully applied to a qubit. 

39Thus far we have avoided mentioning the dephasing time T|. However, it is not irrelevant, 
even when spin echo pulses are used: the single-qubit gate fidelities are closely related to this 
parameter (T|). The dephasing time reflects the (time-averaged) uncertainty about the Larmor 
precession frequency, and this uncertainty results in errors in single-qubit gates. For example, for 
rotations (nominally) about the optical axis (induced by picosecond optical pulses), the dephasing 
processes result in a random, off-axis component on top of the optical-axis rotation, i.e., a random 
deviation from the ideal behaviour of the gate. This error mechanism can be mitigated if carefully- 
designed spin-echo-related schemes are used; these methods call for the concatenation of pulses 
in order to make so-called decoherence-protected gates, but have yet to be realized for quantum 
dot spin qubits. For the conventional single-qubit gate operations described above, the ratio 
between the gate operation time and the dephasing time (r| fa 1 ns | [iq| ) results in single-qubit 
gate fidelities that are theoretically limited (by this effect) to ~ 99.6% (optical-axis gate) and ~ 95% 
(Larmor gate); these limits are slightly higher than what has been measured experimentally |[i 6 ). 
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For all experiments that have been performed so far, and all fhose likely fo 
be performed in fhe near fufure, fhe fime required fo perform single qubif 
operafions does nof considerably affecf fhe fidelify of fhe outpuf sfafe, so 
long as a spin echo refocussing pulse is used. The dephasing fime T|, which 
is fhe relevanf decoherence fimescale when a spin echo pulse is nof used, is 
approximafely 1 ns for elecfron spins | [i 3 ] . The T| fime is fhus only roughly 
an order of magnifude larger fhan fhe single-qubif gafe fime. 

Alfhough fhe T 2 fime is sufficienfly long fhaf fhe finifeness of fhe fime faken 
fo perform single qubif gafes is generally nof a dominanf cause of error 
(infidelify), fhe T 2 fime is neverfheless an imporfanf experimenfal paramefer 
in currenf experimenfs exploring spin-phofon and spin-spin enfanglemenf 
wifh quanfum dofs. As we have menfioned earlier in fhis chapfer, in even 
fhe simplesf enfanglemenf disfribufion experimenfs, fhe coherence fime of 
fhe memory needs fo be long compared fo fhe fime faken for photons fo 
propagafe. For example, if one infends fo enfangle fwo spins in remofe 
quanfum dofs, fhe fwo cryosfafs should be cormecfed by a fibre lengfh fhaf 
is subsfanfially less fhan Lmax = ' which for T 2 ~ 3 }is, yields 

hmax ~ 555 m. This is a perfecfly reasonable value for fhe purposes of 
laboratory proof-of-principle demonsfrafions, buf clearly an exfension fo fhe 
infrinsic coherence fime, or fhe developmenf of an error-profecfed quanfum 
memory, will be necessary fo perform long-disfance experimenfs. 


Single qubif gafes alone are nof universal for compufafion, so fhe second 
parf of fhis DiVincenzo criferion calls for fhe demonsfrafion of a scalable 
fwo-qubif (enfangling) gafe, for example, a CNOT gafe. There are several 
proposals for how fo implemenf such a gafe for quanfum dof spin qubifs 
179 b uf fhere have been no experimenfal demonsfrafions fhus far. Kim 
et al. ] 84 | showed fhaf one can perform a fwo-qubif gafe fhaf is mediafed by 
an always-on exchange inferacfion befween fwo adjacenf quanfum dofs in 
a quanfum dof molecule sfrucfure, buf unforfunafely fhis approach is nof 
scalable beyond a few qubifs. One of fhe major oufsfanding experimenfal 
challenges for opfically-acfive quanfum dof spin qubifs is fhe demonsfrafion 
of a scalable, fasf, high-fidelify fwo-qubif gafe, which is a prerequisife for 
fhe implemenfafion of error correcfion codes. 


3.1.5 DiVincenzo Criterion 5: "A qubit-specific measurement ca¬ 
pability" 

As a method for qubit initialization, optical pumping performs well. How¬ 
ever, this method is also used to perform qubit readout in mosj^ optical 
quantum dot spin qubit experiments Q. The basic principle of this t 5 rpe of 
readout is that during optical pumping, the quantum dot will emit a sin¬ 
gle photon on the branch of the A system that is not being pumped (e.g., 
Itl'JI) It)) if ai'd only if the spin was in one particular state (|t))/ but the 
quantum dot will emit no photons along that branch if the spin was in the 
other state (|t))- There are two major disadvantages to this optical pumping 
procedure regarding its use for readout. The most important disadvantage. 


4°For example, the recent demonstrations of spin-photon entanglement from three different 
groups all used this method ( 2 i||^. 
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from the perspective of current experiments, is that per experimental rurj^ 
at most a single photon will be emitted indicating the spin is in a particular 
state. Since the overall collection and detection efficiency is small (t 5 rpically 
less than 0 . 1 %), it is necessary to re-run a particular experiment many times 
in order to obtain a reasonable signal-to-noise ratio. In the sense that it is 
necessary to repeat the experiment multiple times to obtain an average mea¬ 
surement outcome, this type of readout does not implement a "single-shot" 
measurement, and, for example, carmot be used to detect quantum jumps 
(or other phenomena associated with single quantum trajectories). 

The second disadvantage of the spin readout based on optical pumping 
fluorescence is that regardless of the measurement outcome, the qubit ends 
up in one particular state (for example, |t)). In this sense the method does 
not perform a "quantum non-demolition" (QND) measurement, which we 
use here to mean just that the measurement does not act as a textbook von 
Neumarm projective measurement. 


There are proposals for implementing scalable single-shot QND measure¬ 
ments, in both the Voigt and Faraday geometries. In the Faraday geometry, 
the existence of a cycling transition allows a fluorescence-based measure¬ 
ment | [ 8 ^ that is impossible in the Voigt geometry, but unfortunately the 
single-qubit gate mechanism used in the work we have described in the 
previous subsection relies on the selection rules in the Voigt geometry. As 
yet there have been no demonstrations of single-qubit gates and single-shot 
QND readout in the same experiment. The spin-dependent Faraday- or 
Kerr-rotation of a probe pulse, which has been demonstrated in multi-shot 
experiments | lo may plausibly lead to a single-shot readout in the Voigt 
geometry. In the Faraday geometry, besides the cycling transition, one may 
also use the spin-dependent Faraday or Kerr rotations, or a polariton-based 
mechanism Single-shot readout using a cycling transition in a quan¬ 
tum dot molecule has been demonstrated in the Faraday geometry | [ 8 ^ , but 
is yet to be realized in the Voigt geometry. 


3.2 Quantum Dots as Photon Sources 

The suitability of optically-controlled quantum dot spins as quantum mem¬ 
ories can be evaluated against the first five DiVincenzo criteria. To evaluate 
their use as building blocks for a quantum repeater, we need to consider the 
final two DiVincenzo criteria. We will first consider DiVincenzo Criterion 7 : 

"The ability to faithfully transmit flying qubits between specified locations". 

Qne can imagine using electrons, or some other matter particles, as flying 
qubits, but this seems exceptionally difficult for even moderate macroscopic 
distances (i.e., on the order of meters). Therefore nearly all proposals for 
flying qubits consider optical-frequency photons, either in tree-space or in 
optical fibre: these photons can encode quantum information in degrees of 
freedom that are very robust against decoherence, and they can be trans¬ 
mitted over relatively long distances with relatively low loss. 

The use of quantum dots as photon sources doesn't directly address either 

4 ^A single run may be a sequence of events such as: 1.) Initialize the spin, 2.) Perform one or 
more rotation gates on the spin, 3.) Measure the spin. 
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DiVincenzo Criteria 6 or 7, but is related to both, and is an important area of 
research in the quantum dot community, both for ifs relevance fo quanfum 
repealers, and ofher aspecfs of quanfum-opfics-based quanfum informafion 
technology. 

Quantum dots have been shown to be outstanding single-photon sources, 
i.e., they can produce single photons on demand (with either electrical or 
optical triggering). Considerable effort has been expended over the past 15 
years in making quantum-dot-based single-photon sources that have very 
low values, and good indistinguishability. Both of fhese are impor- 

fanf paramefers for quanfum repealers. If is easy fo see why a non-zero 
(0) value negafively affecfs fhe enfanglemenf generafion profocol we 
have described: if eifher of two quanfum dofs fhaf are fo be enfangled have 
non-zero (0), fhen if is possible fhaf fhe defectors measure a double-click 
even! (which should herald enfanglemenf befween the two quantum dots) 
even though no photon arrived at the detectors from one of fhe quanfum 
dofs. Therefore some of fhe heralded evenfs will nof acfually correspond 
fo cases where fhe quanfum dofs are in fhe large! enfangled sfafe, and fhis 
will resulf in an overall reducfion in fhe fidelify of fhe enfangled sfafe. Im- 
perfecf indisfinguishabilify of photons also resulfs in a reducfion in sfafe 
fidelify, and in reduced efficiency of enfanglemenf generafion. 

Single-photon sources are sough! after nof only for quanfum repeaters (as 
par! of a spin-phofon interface), buf in fheir own right for use in quanfum 
key disfribufion {sans quanfum repeaters) and linear-opfics-based quanfum 
computing ijS^. In BBSq-based QKD wifh single-photon sources, if is de¬ 
sirable fo have g^^'^ (0) be as tow as possible, since if fhe source emifs more 
fhan one photon per time slof, if may be possible for an eavesdropper fo 
gain information without being detected]^ In linear optical quantum com¬ 
puting, it is important for fhe photonic qubifs fo interfere wifh one anofher, 
so indisfinguishabilify is crucial. 


The inhomogeneify of quanfum dofs (differenl quanfum dofs fend fo have 
difterenf optical emission wavelengfhs, and differenl linewidfhs) is a ma¬ 
jor drawback; photon indisfinguishabilify is a prerequisite for inferference, 
and spin-spin enfanglemenf protocols such as Simon-Irvine rely cenfrally 
on Hong-Ou-Mandel-sfyle inferference. There have been demonsfrafions of 
interference befween photons emitted from different, remote quantum dots 
I91 jq^, but certainly for large-scale use, fhe lack of homogeneify is an ouf- 
sfanding problem. One main approach fo solving fhis problem is fo fackle 
if direcfly fhrough improvemenfs in sample growfh and fabrication; how¬ 
ever, if may also be possible fo use frequency conversion 61 6 ^ fo help 
achieve inferference of phofons emitted from quanfum dofs af disparafe 
wavelengfhs 


There has also been a large research efforf in developing enfangled-phofon- 
pair sources using quanfum dofs|^ Since a proposal in 2000 [ [9^ , fhere 

4 ^Decoy-state methods to allow the use of attenuated coherent light sources, rather than single¬ 
photon sources, in BB84-based QKD applications have been remarkably successful p8) . The rise 
in these methods has reduced the desire for single-photon sources for BB84 implementations. 
Good single-photon sources are however still highly desirable for linear-optics-based quantum 
computing j8^[^ . 

43 By this we mean devices that emit (preferably on-demand, using either an optical or an 
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have been multiple demonstrations The main disadvantage of these 

entangled-pair sources compared to spontaneous parametric downconver- 
sion in nonlinear crystals 1 99 1 is the need for the quantum dot samples to be 
kept at cryogenic temperatures during operation. Sufficiently reducing the 
fine-structure splitting in quantum dots (which otherwise leaks which-path 
information, resulting in reduced fidelity of fhe fargef enfangled fwo-qubif 
sfafe) is non-frivial, and needs careful affenfion ]ioo| . In any case, besides 
fhe uses of enfangled-phofon sources fo demonsfrafe enfanglemenf-based 
QKD protocols (such as Ekerfqi), and small-scale linear opfical quanfum 
computing, fhere is an important potential use for such sources in quan¬ 
tum repeater networks: the proposal of Jones et al. | [6^ calls for fhe use an 
enfangled-phofon source between each pair of quanfum repeater nodes. If 
frequency conversion is nof used in an initial demonstration of fhis Jones et 
al. protocol, fhen wavelengfh mafching could perhaps be performed more 
easily befween fhe repeater nodes and fhe enfangled-phofon-pair source if 
fhey are bofh made using quanfum dofs. If frequency conversion fo fhe 
felecom wavelengfh is performed, fhen a felecom-wavelengfh enfangled- 
phofon-pair source would be needed; besides work on growfh of quanfum 
dofs fhaf nafively emif af felecom wavelengfhs, fhere are also ofher sources 
of enfangled phofons af felecom wavelengfhs fhaf are available; for a recenf 
example, see Ref. l [ioi| . 


One final aspecf of quanfum dof single-phofon sources fhaf is relevant to the 
spin-photon interface are demonsfrafions of pulsed resonant coherent exci¬ 
tations of opfical fransifions in quanfum dofs. Zrermer et al. |i02| showed 
Rabi oscillafions befween fhe crysfal ground sfafe of a neufral quanfum 
dof, and an excifon sfafe, and Pelc et al. showed Rabi oscillafions be¬ 
fween a spin ground sfafe of a charged quanfum dof, and one of fhe frion 
sfafes, including downconversion of fhe measured fluorescence fo fhe fele¬ 
com wavelengfh. These resulfs show fhaf if is possible fo optically excife fhe 
excifon or frion sfafes wifh high probabilify, which is useful for fhe sfarf of 
a protocol fo generafe spin-phofon enfanglemenf. 


3.3 Entanglement Between a Spin in a Quantum Dot and an 
Emitted Photon 

In fhe previous subsecfion we have summarized how research on quantum 
dots as single photon and entangled photon pair sources may bear on the 
use of quantum dots in quantum repeater networks. A physical system that 
can act as a good single-photon source has some promising attributes that 
may also allow it to perform as a good spin-phofon interface, buf we have 
nof yef described fhe ofher necessary condifions. 

The final DiVincenzo criterion for us fo consider is number 6: "The abilify 
fo inferconverf sfationary and flying qubifs". As we have described ear¬ 
lier, one popular technique fo generafe enfanglemenf befween sfationary 
qubits mediated by flying qubits is to use the Simon-Irvine protocol, or a 


electrical trigger) two photons at a time, and these photons are entangled with each other. For 
example, a common type of entangled-photon-pair source is one that emits polarization-entangled 
photons, i.e., it generates two-photon quantum states such as |!/)) = (|H)a |V)b + |V)a |H)g). 
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variant thereof. This protocol requires the generation of pairs of sfationary 
and flying qubifs fhaf are enfangled. The sixfh DiVincenzo criferion sug- 
gesfs a requiremenf more along fhe lines of converfing a sfafionary qubif 
info a flying qubif, and fhen converfing fhaf flying qubif info a sfationary 
qubit at a different location, but the literal interpretation of fhis as necessar¬ 
ily being a direcf physical process is overly resfricfive: so long as you can 
disfribufe enfanglemenf over long disfances using flying qubifs, you can 
fransfer quanfum informafion using quanfum feleporfafion. 

The Simon-Irvine protocol is an elegant way to distribute entanglement, and 
is very well-suited to quantum dots, since charged quantum dots provide a 
direct mechanism for generating enfanglement befween a sfationary qubit 
and a flying qubif |i03| . Consider fhe energy level diagram describing fhe 
relevanf spin ground sfafes, fhe firsf opfically-excifed sfafes (frions), and 
fhe relevanf optical selection rules for a charged quanfum dof, in a Voigf- 
geomefry magnetic field. Figure shows fhe four-level diagram, and fhe 
optical selection rules for fhe allowed fransifions from fhe frion sfafe ItJ'-ll-)- 
We denote as ficv fhe energy of fhe ^ 14 -) optical fransifion. If fhe 

sysfem begins in fhe trion sfafe ItJ-lJ-)/ then once this state decays (which 
takes on average approximately 1 ns if the quantum dot emission is not 
enhanced by an optical cavity), the following spin-photon entangled state is 
produced: 



( 8 ) 


This state is hyperentangled, in the sense that the spin qubit is entangled 
with two different properties of the emitted photon: both its polarization 
and its energy. Entanglement between the spin and the photon polarization, 
and between the spin and the photon energy, have both been experimentally 
verified. 


3.3.1 General Standards of Experimental Proof of Entanglement 

The state in Eq. |^is entangled, since it is a non-separable state [ [4^ . How¬ 
ever, in an experiment, we would like to be able to prove that a process we 
claim produces an entangled state actually does so. 

Two commonly-used methods for experimentally proving entanglement of 
a two-qubit state are: 

• Option 1: Perform, in two orthogonal bases, measurements that yield 
conditional probabilities, and show that "strong" correlations exist in 
both bases. These results can typically provide a lower bound on the 
fidelity of the state that is produced. 

• Option 2: Perform full quantum state tomography to reconstruct the 
density matrix of the two-qubit state that is produced. This allows a 
direct calculation of the fidelity of the state that is produced. 
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Figure 6: Spin-Photon Entanglement Generation from a Charged Quantum Dot in a 
Voigt-geometry External Magnetic Eield. When the trion state ItJ-'ll-) decays via spon¬ 
taneous emission, it does so with with an equal amplitude of decaying fo fhe sfafe 
It) or fhe sfafe |t)- However, fhe polarizafion selecfion rules for fhe Ittt-) |t) 
and fhe |ttt-) ^ It) decays are differenf. Eurfhermore, fhe |t) and |t) sfafes are 
nof energy-degenerafe: fhey are splif by a Zeeman energy fiSe- Therefore fhe decay 
of fhe frion sfafe resulfs in fhe generafion of an enfangled sfafe, where fhere is h5rper- 
enfanglemenf befween fhe elecfron ground spin sfafes and two properfies of fhe emiffed 
single photon: ifs energy, and ifs polarizafion. The sfafe produced can be wriffen as 

\^) = :^ (it) \iii,h{cv + Se)) + It) |V,lia;)^, where hco is fhe energy of fhe Itt-t) |t) 
opfical fransifion. 


The measuremenfs used in fhe firsf opfion are generally a subsef of fhose 
required in fhe second opfion; since full sfafe fomography yields fhe sfafe 
fidelify F rafher fhan jusf a bound on if, full fomography is preferable. Nof 
only fhaf, buf knowledge of fhe full reconsfrucfed densify mafrix may aid 
in debugging experimenfal imperfecfions or refining fheorefical predicfions 
of fhe oufpuf sfafe. 

The fidelify F is defined, in fhe same way we have used if earlier in fhis 
chapfer, as fhe overlap befween fhe "ideal" (or "fargef") sfafe (for example, 
|i/;)inEq.g and fhe measured densify mafrix p of fhe sfafe fhaf was acfually 
produced in an experimenf. Formally, F = and F e [ 0 , 1 ]. F = 1 

reflecfs fhaf fhe densify mafrix is exacfly fhaf of fhe pure sfafe \ip'), i.e., 
p = \ip') The measured densify mafrix, and hence fhe measured fidelify, 
will reflecf bofh deviafions of fhe fwo-qubif sfafe fhaf is produced from 
fhe ideal fwo-qubif sfafe, and errors in fhe measuremenf of fhe fwo-qubif 
sfafe. Measuremenf errors fhus place a bound on fhe maximum observable 
fidelify of a produced fwo-qubif sfafe. 

Using Opfion i, several (buf nof all) elemenfs of fhe densify mafrix p will be 
obfained, and fhis will allow fhe esfimafe of a lower bound on F. For bofh 
Opfion 1 and Opfion 2, an esfimafe of F > 0.5 indicates fhaf fhe produced 
sfafe is enfangled, assuming fhaf fhe ideal sfafe | if) is maximally enfangled. 
A classical densify mafrix (one wifh no off-diagonal elemenfs) can yield a 
fidelify fhaf is af mosf 0 . 5 . 

Related fo fhis fhreshold for observing enfanglemenf is fhe nofion of a 
fhreshold for enfanglemenf purificafion: enfanglemenf purificafion can only 
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yield an output state with higher fidelity than the fidelities of fhe inpuf 
sfafes if fhe inpuf sfafe fidelify is greafer fhan 0.5 | [3^ . In fhe quanfum re- 
peafer design of Diir et al. | which uses enfanglemenf purificafion, fhe 
fhreshold is in facf even higher, fo compensafe for imperfecf operafions. In 
general, higher infrinsic fidelities of spin-phofon and spin-spin enfangled 
sfafe generation will lead fo overall reductions in fhe resources required fo 
produce disfribufed, high-fidelify enfangled sfafes, which is fhe goal of a 
quanfum repeafer nefwork. 


For Option i, fhe mefhods sections of References 104 I103 1 explain how 
fo obfain fhe fidelify bound from several conditional probabilify measure- 
menfs. The defails of how fo perform fwo-qubif densify mafrix reconsfruc- 
fion (using fhe example of spin-phofon enfanglemenf) is covered in defail 
in fhe supplemenfary informafion fo Ref. ^24 


The observation of "sfrong" correlations between measuremenf resulfs in 
multiple orfhogonal bases is an experimenfal signafure of enfanglemenf. 
Here we give some simple pedagogical examples fo explain whaf we mean 
by fhis, which should aid in gaining infuifion abouf experimenfal evidence 
of enfanglemenf. 


Suppose we have fwo qubifs, labeled A and B. Lef's suppose bofh qubifs are 
spin qubifs. We can wrife an enfangled pair of such qubifs as follows 




/AB ■ 


(9) 


The general description of a fwo-qubif sfafe, which may be a mixfure of 
pure sfafes, is given by a 4 x 4 densify mafrix. For example, fhe densify 


mafrix representing 


,EPR 


is: 


f)EPR\ 


epr\ 

){<p 

EPR 


( 10 ) 
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0 

0 
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0 

0 

0 

0 


0 

0 

0 

0 

( 11 ) 

V 

0 

0 

A 



Now suppose fhaf you have a sysfem fhaf is in a mixed sfafe, represenfed 
by a densify mafrix p^, thaf is a mixfure of unenfangled fwo-qubif sfafes. If 
you perform measuremenfs on fhe qubifs A and B of fhis sysfem in jusf one 
basis, if is possible fhaf your mixed sysfem may yield fhe same correlations 
befween measuremenf resulfs for A and B as fhose fhaf you would obfain 
by measuring fhe fhe enfangled sfafe P|^epr^- For example, suppose you 


44 Note that EPR (Bell) states, such as , are maximally entangled. Moreover, entangle¬ 

ment is monogamous, i.e., if two qubits (A and B) are maximally entangled, it is impossible for a 
third qubit (C) to become entangled with A or B without reducing the amount of entanglement 
between A and B |io6| . This lies at the heart of the security of the Ekertqi-based QKD protocols. 
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perform measurements in the basis {|t) /14-) }■ If we have the state 
and measure qubit A and get the resultthen when we measure qubit B, 
we will get the result t with 100% probability, i.e., Pr [B =t|^ =t] = 1 - ft 
is easy to show that if the result of the measurement of qubit A is J,, then 
the result of the measurement of qubit B will be 4, with 100% probability, 
i.e., Pr [B = 4 ,| A =J,] = 1 . In this sense the measurement results are perfectly 
correlated. 

Now imagine we have the following classical probabilistic state: 


Pm = l in) (ni +1 lu) (ui 


/i 0 0 o\ 


0000 

0000 

0001 


(12) 

(13) 


If we perform the same measurements on preparations of this state, 
we will obtain exactly the same correlations: Pr [B =t|A =t] = 1 and 
Pr [B = 4 ,|A =;] = 1 . 

Now imagine that we perform measurements in the orthogonal basi^^ 

in this basis, to make it 


{|—>),|^)}. We can rewrite the state 
easy to intuitively see what measurement correlations we will obtain. In 


f,EPR^ 


the {|^)/|<—)} basis. 


= 


JL 

V2 






3). You can 


calculate, or using this convenient form of the state, just note that the 
^ppr\ when measured in the {|~>^)/|^)} basis will be: 


correlations of 


Pr [B =^|A =^] = 1 and Pr [B =^|A = 1 . 

However, if we perform {|—>^) / 1 ^)} basis measurements on the state pm as 
given in Eq. we will not observe these same correlations. Instead, we 
will see no correlations between measurement outcomes on systems A and 
B: 


Pr [B =^|A =^] 

1 

“ 2 

(14) 

Pr [B =^|A =^] 

1 

“ 2 

(15) 

Pr [B =^|A 

1 

“ 2 

(16) 

Pr [B =^|A =^] 

1 

“ 2' 

(17) 


This gives us some intuition for why it is necessary to perform measure¬ 
ments in multiple orthogonal bases in order to verify that a state is entan¬ 
gled: if one only performs measurements in a single basis, the measurement 

45 Here we use the definitions |—t) = (It) + 14 -)) and |t—) = (|t) — |t)). 
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correlations can be the same from a classical probabilistic state as those from 
an enfangled sfafe. However, if a sfafe yields sfrong correlafions in measure- 
menfs performed in fwo orfhogonal bases, fhis is considered experimenfal 
proof fhaf fhe sfafe being measured is enfangled. The compufafion of fi- 
delifies of reconsfrucfions of fhe densify mafrix allows us fo formalize fhis 
infuifion, and be able fo use a quanfifafive separator fo disfinguish enfan¬ 
gled from unenfangled sfafes. 


3.3.2 Demonstrations of Spin-Photon Entanglement with Quan¬ 
tum Dots 


We have provided some intuition for how a single charged quantum dot 
in a Voigt-geometry magnetic field can be used to generate a two-qubit 
entangled state, consisting of spin (stationary qubit) and a photon (flying 

qubit), in the state \ip) = ^|t) |iH,li(m-|-^e)) + 14 -) |V,lia;)y We have 

also briefly outlined current standards for evaluating whether results from 
an experiment support entanglement having been generated or not. 


Thus far three groups have provided evidence of spin-photon entanglement 
generation using charged quantum dots. The first two experiments, pub¬ 
lished jointly in 2012, showed evidence for entanglement between spin and 


photon polarization, and between spin and photon energy respectively |2i 
[^ . A report from Schaibley et al. also showed evidence of entan¬ 
glement between a quantum dot spin, and photon polarization. All three 
of these reports produced bounds on the state fidelity by calculating the 
conditional probabilities for measurements in two orthogonal bases. In a 
follow-up [ [2^ to their first paper | [2i] , De Greve et al. showed results from 
a full tomographic reconstruction of the density matrix, yielding strong ex¬ 
perimental proof that the entangled state produced by a charged quantum 


dot is \\p) = 


|iH,^(o;-h ^e)) + 14 -) |V,fia;)y All the experiments we 
have mentioned so far in this section (Refs. 1 21-241) work in quite similar 
ways. We will focus in particular on the experiments by De Greve et al. |2i 


, but the basic concept of how the entanglement generation and verifica¬ 
tion is performed shares many common aspects with the other works. 


The high-level procedure that is carried out is as follows: 


1. The quantum dot is prepared in the state | 4 -) by a combination of 
optical pumping and, depending on the particular experiment, a n 
rotation operation (that flips the spin from |t) to |4.)). 

2. A pulse that drives the | 4 ,) |t 4 ' 4 )') transition is applied, with the 

goal of setting the quantum dot to be in the state |t4'JJ-)- 

3. The state |t 4 ' 41 -) spontaneously decays and emits a photon, 
which results in the creation of the spin-photon entangled state 

\1’) = ^ (it) \inMco + Se)) + It) \v,hco)). 
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4- Now that the entangled state has been produced, we seek to measure 
it. First we measure the state of the photon. In the case of polarization, 
this is done by using a polarizer and a single-photon detector: if a 
photon is defecfed, fhe photon musf have been of fhe polarizafion 
fhaf fhe polarizer fransmifs. 

5. Nexf we measure fhe sfafe of fhe spin. This is done by performing 
an opfional spin rofafion (depending on which basis we wanf to 
measure fhe spin in), and fhen opfical pumping again. A differenf 
single-photon defecfor is used fo record if a phofon is emiffed. The 
defecfion or non-defecfion of a phofon by fhis defecfor provides fhe 
spin measurement result. 


This describes just a single run of an experiment; for a single choice of mea¬ 
surement bases for fhe spin and fhe phofon, fhis is repeated many fimes. 
The correlafion befween phofon defecfions af fhe two different detectors 
during the same run of fhe experimenf allows us fo determine fhe con¬ 
ditional probabilify befween a phofon polarizafion measuremenf oufcome 
and a spin measuremenf oufcome. This whole procedure is fhen repeafed 
for several differenf measuremenf bases, so fhaf af leasf eighf conditional 
probabilities for differenf orfhogonal measuremenf oufcomes can be defer- 
mined. 

Figure ^ shows fhe conditional probabilities obfained by De Greve et al. 

These conditional probabilities are given as fhe probabilify of a spin 
measuremenf oufcome, given a phofon polarizafion measuremenf oufcome. 
For example, from fhe firsf panel, we can read fhaf: 


Pr [spin =t phofon = H] f 

a 1 

(18) 

Pr [spin =4, phofon = H] f 

a 0 

(19) 

Pr [spin =t phofon = V] f 

a 0 

(20) 

Pr [spin =4, phofon = V] f 

a 0.85 

(21) 


These condifional probabilities are sometimes referred fo as "classical cor¬ 
relations", because a classical fwo-parficle sfafe fhaf has no enfanglemenf 
could conceivably be consfrucfed fhaf would also yield such sfrong cor¬ 
relations. Flowever, when fhese probabilities are considered in combina- 
fion wifh fhe resulfs shown in fhe righf panel of Figure fhey are un¬ 
ambiguously reflective of a fwo-qubit sfafe fhaf is enfangled. The con¬ 
difional probabilities in the orthogonal basis also show strong correla¬ 
tions; for example, Pr [spin =<—| phofon = (j’*’] w 1 . These measured 
condifional probabilities are strikingly similar to those we would expect 
if fhere were no measuremenf errors, and fhe sfafe we produced was 

!>/’) = Vl (it) \iH,hico + Se)) + 1;) \v,nco)). 

This is easy fo see if we rewrite fhe sfafe | ip) using fhe {| , | ^)} basis for 

fhe spin, and fhe < /1^~) r basis for fhe phofon: 
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Figure 7: Derived and reprinted with permission from De Greve et al. jlr) . The left 
panel (a) shows the conditional probabilities when measurements were performed in 
fhe { It) / IJ-) } basis for fhe spin, and in fhe {|H), |V)} basis for fhe phofon. The righf 
panel (b) shows fhe condifional probabilifies when measuremenfs were performed in 

fhe {|—t) / |t—)} basis for fhe spin, and in fhe j 1(7-+), |(7“) ^ basis for fhe phofon. 


l>/’) = ^(lt)|M) + i;) |v)) 

(22) 

= ^(^'lt)|H) + |;)|v)) 

(23) 


(24) 


Here we have neglecfed fhe energy informafion, since in De Greve et al. \ 21 
[2^ (and in fhe work by Schaibley et al. |j2^), fhe energy informafion is nof 
measured]^ A similar rewrifing procedure is used for frequency/energy 
photonic qubifs insfead of polarization qubifs in Gao et al. |22|. 


Equation indicates fhaf we should expecf fhe condifional probabil¬ 
ifies in fhe orfhogonal bases to be Pr [spin =—)-|phofon = cr“] = 1 , 

= 0 , Pr [spin =—>-1 phofon = C7-+] = 0 , and 

= 1 . 


Pr 

spin =i— 

photon = a 

Pr 

spin =i— 

photon = cr'*' 


An imporfanf subflefy in fhese experimenfs 1 21 23 2^ arises from fhe facf 
fhaf as soon as fhe phofonic qubif is measured in fhe 11 cr ~^), | ) | basis. 


fhe spin sfafe collapses to eifher |^) or |<—) (depending on fhe phofon po¬ 
larization measuremenf oufcome), and due fo fhe presence of an exfernal 
magnetic field, fhe spin will undergo Larmor precession. For example, if 
fhe spin sfafe is collapsed fo |^), affer half a Larmor period, if will have 
evolved fo become |<—). This Larmor precession is a convenienf feafure, 
since when if is combined wifh optical rofafion pulses, if allows for fhe 
measuremenf of fhe spin in bases ofher fhan {|t) / |t)}- However, if also 
has a defrimenfal effecf: fhese experimenfs are performed on fime ensem¬ 
bles, where fhe same quanfum dof is observed many times, and in each 


46 ln Refs. (^[^ , due to the sub-lO-ps timing resolution achieved using pulsed downconver- 
sion, energy information that can distinguish between the two photons is unobtainable even in 
principle. Explicit "erasure" of the energy information is crucial; simply not measuring would 
lead to tracing over all possible outcomes, resulting in a reduction of the observed state fidelity. 
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run of the experiment, the spontaneous decay of the ItJ-ll-) state can occur 
at a different time (roughly within the lifetime of that trion state, which 
was approximately 600 ps in Refs. ^). The timing resolution of the 
detection used to measure the photonic qubit is thus crucial; if the timing 
resolution is not much faster than the Larmor period, the experimeter will 
bin together runs of the experiment where the trion decays occurred at sub¬ 
stantially different time^ and the spin measurements in the {|~^) /1<~)} 
basis will consequently )neld greatly reduced correlations. This is explained 
in detail in the supplementary information of Reference pi) . The solution 
used in the experiments reported in References |2i 2^ was to develop an 
ultrafast (sub-io-ps) optical gate, using frequency downconversion, which 
resulted in an effective timing resolution of photon detection of approxi¬ 
mately 8 ps. This compared to a Larmor period of approximately 57 ps. 
This technique provided the added benefit that the frequency conversion 
that was performed had a target wavelength of approximately 1560 nm, 
which is in the low-loss band used for telecommunications in optical fibres. 


23 


The ideal density matrix is Pideal = |^) (V’l' where I)/’) is given in Eq. 

A two-qubit (4 x 4 ) density matrix has 16 complex entries, but since iPTs 
constrained to be Hermitian, it can be specified by just 16 real numbers 
As is described in detail in the supplementary information of Ref. I24I, De 


Greve et al. performed measurements to obtain 16 conditional probabilities 
in a combination of three different orthogonal bases for the spin and the 
photon polarization. The reconstructed density matrix can be computed us¬ 


ing the formula Preconstruct = i E; 


■i,] 

pCTi (g) (If 


If, where the r, y are related to the 


£|. 


) I42 ■ The ideal and reconstructed 


measurement results (r, y = Tr 

density matrices are depicted in Figure [sjAn the {|H), |V)} (g {|j"), |j,)} 
basis. 


This direct reconstruction of the density matrix is simple, but has a flaw: due 
to imperfections in the measurements (for example, detector dark counts), 
the reconstructed density matrix may be non-physical: it may not have a 
trace of one, and moreover, it may not be positive semi-definite. The trace 
can be forced to be one by normalizing the reconstructed density matrix, but 
there is no simple method to force the matrix to be positive semi-definite 
after it has already been reconstructed using the direct method. 

One can see an example of the kind of measurement error that results 
in a non-physical result in Figure note that the conditional probability 
Pr [spin =t|photon = H] is measured as being slightly greater than 1. This 
isn't physically possible, since the probability of measuring the spin to be 
in state |t) is at most 1. 

One solution to this problem that is commonly used in quantum state to¬ 
mography is to perform a reconstruction of the density matrix that is con¬ 
strained to produce the positive-semi-definite, trace-one density matrix that 


47 The "time" here means the time delay between a synchronization pulse that occurs at the 
start of every run of the experiment, and of the photon emission by the quantum dot, as opposed 
to the absolute time. 

4 ® Since a density matrix should also have a trace of one, a two-qubit density matrix should 
only need 15 real numbers to be specified, although typically in quantum state tomography 16 
numbers are used, since the reconstruction procedure is more convenient in this case. 
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Figure 8: Entangled Spin-Photon State Density Matrices. Reprinted with permission 
from De Greve et al. [ ji^ . (a) The real and (b) imaginary parts of fhe ideal densify mafrix 
Pideal- (c) The real and (d) imaginary parfs of fhe densify mafrix reconsfrucfed using fhe 
direcf procedure, preconstmct- The shaded regions depicf fhe ideal densify mafrix. 


is mosf consisfenf fhe measuremenf resulfs. This can be done using a max¬ 
imum likelihood esfimafion (MLE) procedure, as described by James et al. 
[|i07|, and in fhe supplemenfary informafion of De Greve et al. I24I. The 


MLE procedure produces a densify mafrix fhaf we denofe as /Omle- 

Since fhe procedure used fo obfain Pmle is an iferafive numerical opfimiza- 
fion, if is nof possible fo use sfandard propagafion of error mefhodology 
fo defermine fhe uncerfainfy in, for example, fhe fidelity F o f fhe sfafe 

(T = (feeallPMLElfeeal))- However, by resampling Q ^ the origi¬ 
nal photon counfing dafa, if is possible fo generafe a orstfiBufion of re¬ 
consfrucfed densify mafrices, and hence a disfribufion of mefrics on fhose 
mafrices. Eigure shows bofh fhe densify mafrix reconsfrucfed using fhe 
MLE procedure on fhe original dafa, and fhe disfribufion of fidelifies of fhe 
mafrices obfained via resampling. 


The mean fidelify of fhe spin-phofon enfangled sfafe produced by De Greve 
et al. in Ref. was F = 92 . 1 %, wifh a single-sfandard-deviafion un¬ 
cerfainfy of ± 3 . 2 %. If fwo spafially-separafed quanfum dofs are used 
fo produce spin-phofon enfangled qubifs each wifh fidelify greafer fhan 
l /-\/2 w 0 . 71 , and we assume perfecf phofon inferference, fhen a spin-spin 
enfangled sfafe can cerfainly be produced fhaf will have a fidelify greafer 
fhan 0 . 5 . Therefore a spin-phofon sfafe fidelify of 0.92 is cerfainly sufficienf 
for a demonsfrafion of spin-spin enfanglemenf wifh quanfum dofs. 
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Figure 9: Maximum-Likelihood-Estimation-based Density Matrix Reconstruction and 
Uncertainty Analysis. Reprinted with permission from De Greve et al. I24I. (a) The real 
and (b) imaginary parts of fhe densify mafrix reconsfrucfed using fhe MLE procedure, 
Fmle- The shaded regions depicf fhe ideal densify mafrix. (c) Hisfogram of fidelifies of 
reconsfrucfed densify mafrices using resampled dafa. The mean and median fidelifies 
are 92 . 1 % and 92 . 7 % respectively, and fhe sfandard deviation is 3 . 2 %. 


Table [^compares fhis spin-phofon sfafe fidelify fo fhaf of fidelifies obfained 
in ofher spin-phofon enfanglemenf experimenfs. This fable also highlighfs 
fhe feafure fhaf quanfum dofs have optically excifed sfafes wifh relatively 
shorf lifetimes 600 ps when fhe quanfum dof is embedded in low-Q 
planar microcavify); fhis affecfs fhe rafe af which spin-phofon enfangled 
sfafes can be generafed. 


4 Conclusion 


We have explained how quanfum dofs mighf be used as fhe building blocks 
for a quanfum repeafer, buf fhere is sfill much work fo be done before a 
useful quanfum repeafer may be builf from quanfum dofs, or indeed before 
such a repeafer can even be designed in defail. 

In fhe shorf ferm, one of fhe major oufsfanding experimenfal goals is fhe 
demonsfrafion of spin-spin enfanglemenf using quanfum dofs, i.e., fhe en- 
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Physical System 

Photon 

Emission 

Wavelength 

Spontaneous 

Emission 

Time 

Entangled 
State Fidelity 

Institution 

Reference 

Trapped Ion 

214.5 nm 

3 ns 

> 87% 

U. Maryland" 

I1O4I 


Neutral Atom (®^Rb) 

780 nm 

26 ns^ 

87 ±1% 

LMU 

Mtinchen 

I1O9I 


Neutral Atom (®^Rb) 

780 nm 

26 ns" 

> 86.0(4)% 

MPI Garching 

(110) 

1 

NV Centre 

637 nm 

11 ns 

> 70 ± 7% 

Harvard U. 

j|i05| 


Trapped Ion (^^Ca+) 

854 nm 

14 ns 

97.4 ± 0.2% 

U. Innsbruck 



Quantum Dot (InAs) 

910 nm 
^ 1560 nm"^ 

0.6 ns 

> 80 ± 8.5% 

Stanford U. 

Plj 


Quantum Dot (InGaAs) 

967 nm 

« 1 ns 

> 68 ± 5% 

ETH Zurich 

|22| 


Quantum Dot (InAs) 

950 nm 

« 1 ns 

> 59 ± 4% 

U. Michigan 

1 ^ 


Quantum Dot (InAs) 

910 nm 
^ 1560 nm"^ 

0.6 ns 

92.1 ± 3.2% 

Stanford U. 




“ The group of Monroe was based at the University of Michigan at the time Ref. |i04| was 
published, but has since moved to the University of Maryland. 

° Ref. \6j\ (also from the group of Weinfurter at LMU) shows time-resolved measure men ts of 
®^Rb 5 ^F^/ 2 — t 5 ^Si /2 decay that are consistent with the value of 26 ns given in Ref. 

Ref. )iio[ gives the atomic dipole decay rate as 27r • 3 MHz (HWHM). This is 2/1 • 6 MHz 
(FWHM), and corresponds to a « 26 ns lifetime, as per Ref. (hD 

^ The quantum dot emitted photons at 910 run, but these photons were converted to the 
telecommunications wavelength, 1560 nm. 

Table 2: Spin-Photon Entanglement Results. A summary of spin-photon entangle¬ 
ment generation experiment results in different single-particle physical systems, given 
in chronological order. 
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tanglement of spins in two different quantum dots that are spatially sepa¬ 
rated by a macroscopic distance. Spin-spin entanglement has been achieved 
using atomic ensembles 165 113), trapped ion qubits |j5^, single atom qubits 
1 6 ^ 6 ^, and NV center qubits ]66], so the spin-spin generation protocols are 
well-tested, but a demonstration of spin-spin entanglement with quantum 
dots is nevertheless seen as an important milestone for the quantum dot 
spin qubit community. 

The spin readout mechanism that was used in all the recent quantum dot 
spin-photon entanglement experiments we have highlighted yields 

only a single photon (at most) per experimental run, and so can only be 
used as a multi-shot readout by averaging over many experimental runs 
(since photon collection and detection efficiency is not unity). Demonstra¬ 
tion of a single-shot readout mechanism that can be integrated with the 
other important operations for a quantum repeater memory qubit is an im¬ 
portant goal. This would make a spin-spin demonstration easier (since then 
only two-photon coincidences would need to be observed, rather than four- 
photon coincidences), and is also a key requirement for implementation of 
the surface code 


The lack of a scalable two-qubit gate is arguably the biggest challenge that 
the community needs to overcome. Two-qubit operations on memory qubits 
are ubiquitous in all the large-scale quantum repeater proposals we have 
discussed, and at the very least will be needed to perform error correc¬ 
tion. There have as-yet been no demonstrations in any physical system of 
quantum error correction that allow a memory qubit to stay coherent for an 
arbitrarily long time, or even for a time much longer than the native T2 time. 
However, with quantum dot spin qubits, this is especially important even 
for early demonstrations, since InAs quantum dot spin qubits have rather 
short T2 times, which limit the communication distance. Demonstrating a 
QEC-enabled extension of a logical qubit coherence time in quantum dots 
is a major goal, but one that can only be tackled after a scalable two-qubit 
gate has been developed. 

The high-level designs for large-scale quantum devices using quantum dots 
call for the use of arrays of site-controlled quantum dots, but here too there 
is much work to be done: developing methods to produce such arrays with 
a high yield of quantum dots that have good, homogeneous optical prop¬ 
erties is a major challenge. In the near term, spin results that have been 
achieved using randomly-located quantum dots should be replicated using 
site-controlled quantum dots, to aid in the development of site-controlled 
QD arrays that are suitable for spin qubits. 

The challenges in constructing a high-fidelity, high-bandwidth (measured 
in "entangled qubit pairs per second") quantum network are daunting. For 
approaches using neutral atoms or ions to succeed, researchers need to over¬ 
come significant barriers to scaling. Meanwhile solid-state approaches have 
struggled to achieve the required operation fidelities for fault-tolerant oper¬ 
ation, in some cases suffer from insufficiently-long coherence times, and in 
many cases don't yet have a scalable two-qubit gate operation, among other 
imperfections. Gisin and Thew, in 2007 ]ii4|, wrote: 


"The development of a fully operational quantum repeater 
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and a realistic quantum-network architecture are grand chal¬ 
lenges for quantum communication. Despite some claims, noth¬ 
ing like this has been demonstrated so far and one should nof ex- 
pecf any real-world demonsfrafion for anofher five fo fen years." 


Seven years lafer, much fhe same can sfill be said. Several monfhs affer 
Gisin and Thew's review was published, resulfs showing enfanglemenf be- 
fween disfanf quanfum memories made from afomic ensembles |ii3| , and 
befween single frapped ions | [5^ were reporfed. As we have already men¬ 
tioned, many other experiments generating entanglement between a quan¬ 
tum memory and a photon, or between quantum memories, have subse¬ 
quently been performed |6^ |6^ |6§} |i05[ |iiij. However, even fhe 

demonsfrafion of jusf a single round of enfanglemenf purification befween 
disfanf quanfum memories has nof yef been complefed, in any physical sys- 
fem. Similarly, fhere have been no demonsfrafions of enfanglemenf swap¬ 
ping fo cormecf fwo disfanf quanfum memories via an infermediafe quan¬ 
tum memory. Entanglement generation between two quantum memories is 
now well-established in both atomic and in some solid-state systems, but 
the goal of implemenfing bofh enfanglemenf swapping and enfanglemenf 
purification befween remofe quanfum memories fo demonsfrafe a proof-of- 
concepf quanfum repeafer is sfill a disfanf hope rafher fhan a soon-fo-be- 
complefed milestone. 


Building a quanfum repeafer is evidenfly a grand challenge, and one fhaf 
seems unlikely fo be mef for many years fo come. Besides fhe challenges for 
how fo make a quanfum repeafer, fhere is also a challenge fo find uses for 
a quanfum repeafer. The canonical application at present is long-distance 
quantum key distribution. However, private key distribution can currently 
be performed wifh very high bandwidfh using classical means, and fhe cosf- 
benetif analysis for quanfum repeaters for fhis applicafion is nof necessarily 
favourablep^ Tesfs of fhe Bell inequalify over ever-longer disfances are an 
inferesfing fundamenfal applicafion of fhe disfribufed enfanglemenf fhaf 
quanfum repeaters would provide. Teleporfafion pS} is also an inferesfing 
fundamental application of disfribufed enfanglemenf, and may also play a 
role in fhe consfrucfion of disfribufed quanfum computers |ii6|. Goffes- 


117) have proposed an optical inferferomefer design fhaf could 


man et al. 

overcome current optical telescope resolution limits if a quanfum repeafer 
is realized, and Komar et al. I jii8| have proposed a global afomic clock nef- 
work design fhaf fundamenfally uses remofe enfangled sfafes. Bofh fhese 
proposals are recenf, so fhere is some hope fhaf more uses of disfribufed 
enfanglemenf may yef be uncovered. 


49A briefcase packed with hard drives or tapes can easily store over 100 TB of private keys, 
and can be transported to the opposite side of the world via a trusted courier in an airplane in 
approximately 24 hours. This yields a key distribution rate of approximately 10 Gbits/sec. This 
can be compared to an achievable rate of Mbits/sec using 10^ quantum repeater stations, which 
was calculated by Fowler et al. (^ . A hybrid approach has been suggested by Devitt et al. (hD 
if quantum memories can be made to have coherence times on the order of weeks, then Devitt 
et al. propose literally shipping the quantum memories from Alice to Bob. This avoids the need 
for long-distance fibre communication. The only use of optics in such an implementation of long¬ 
distance entanglement distribution would likely be the initial generation of the entanglement 
over a distance of a few meters. The coverage in this chapter of entanglement generation and 
construction of quantum memories, both in the abstract and for the particular case of quantum 
dots, is still relevant for such a physical-transport-based entanglement distribution scheme. 
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